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IN  RIN.V  NtntN  TO 


NAVWEPS  OD  18413A 

HUMAN  FACTORS  DESIGN  STANDARDS  FOR  THE  FLEET  BALLISTIC 
MISSILE  WEAPON  SYSTEM 

1.  OD  18413A  is  promulgated  for  the  information  and 
guidance  of  all  military,  government,  and  contractor 
agencies  participating  in  the  development  of  the  Fleet 
Ballistic  Missile  Weapon  System.  The  purpose  of  this 
publication  is  to  provide  human  factor  guidelines  for 
the  design  of  the  FBM  Weapon  System  and  its  components. 

It  is  published  in  two  volumes:  Volume  1,  Design  of 
Systems ;  Volume  2,  Design  of  Equipment. 

2.  Consideration  of  the  guidance  and  information  pro¬ 
vided  in  this  document  is  mandatory  in  new  designs  for 
FBM  Weapon  System  equipment  and  components  scheduled 

for  installation  in  SSB(N)  616  and  later  class  submarines. 
Notice  of  errors,  omissions,  and  corrections  should  be 
submitted  to  the  Special  Projects  Office  (Sp2012) ,  De¬ 
partment  of  the  Navy,  Washington  25,  D.  C. 

3.  OD  18413A  supersedes  all  previous  issues  of  this 
publication  which  should  be  destroyed.  Evaluations  of 
Control-Display  Components,  included  in  previous  issues, 
have  been  discontinued. 


PREFACE 


The  basic  objective  of  this  handbook  is  to  provide  special  assistance  to  sys¬ 
tem  and  component  engineers  and  human  factors  specialists  in  perfoming  those 
portions  of  their  engineering  activities  which  may  result  in  the  specification  or 
design  of  hardware  to  be  operated  and/or  maintained  aboard  FBM  submarines. 
The  principles  or  guidelines  in  tie  handbook  are  based  upon  compilation  of  re¬ 
search  findings  and  logical  analysis  and  are  expressed  in  terms  which  permit 
direct  engineering  application. 

-  As  a  matter  of  convenience,  the  handbook  is  being  published  in  two  volumer. 
Volume  1,  "Design  of  Systems,  "  contains  Sections  1  and  2  of  the  handbook  and 
provides  a  basis  for  establishing  and  evaluating  alternative  system  and  subsys¬ 
tem  concepts  with  respect  toman-machine  requirements,  capabilities,  and 
trade-offs.  /Volume  2,  "Design  of  Equipment,  "  contains  Sections  3  and  4  of  the 
handbook  an'd^BTesents  information  on  which  to  base  the  selection,  utilization, 
and  design  of  equipment  to  enhance  human  operation  and  maintenance  activities 
and  thus  achievesjmp  roved  system  performance  and  availability.  The  tw’o  vol¬ 
umes  will  generally  be  used  at  different  states  of  sy  stem  and  subsystem  definition. 

Section  1  of  this  volume  describes  the  stages  in  the  weapon  system  develop¬ 
ment  cycle  and  presents  guidelines  for  the  application  of  human  factors  at  each 
stage.  This  section  is  useful  in  estimating  the  required  extent  of  such  efforts  in 
a  development  program. 

Section  2  of  this  volume  contains  human  factors  considerations  and  guide¬ 
lines  to  be  used  in  the  development  of  system  concepts,  man-machine  roles  and 
functions,  and  subsystem  requirements.  It  is  useful  during  the  early  stages  of 
system  development,  when  decisions  about  the  employment  of  men  and  machines 
are  being  made. 
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CONTENTS  OF  SECTION* 


The  application  of  human  factors  techniques  and  knowledge  at  critical  stages 
in  the  development  cycle  of  a  weapon  system  can  he  accomplished  most  effectively 
if  an  appreciation  is  gained  of  the  steps  involved  in  this  development  process  and 
of  the  ways  in  which  human  factors  can  be  applied  at  each  step.  This  brief  sec¬ 
tion  provides  a  general  description  of  the  major  steps  in  the  system  development 
cycle,  identifies  the  type  of  organization  and  technical  personnel  involved  at  each 
of  these  steps,  and  indicates  the  range  of  human  factors  activities  which  will  be 
useful  to  tt  ;m  in  their  work.  In  this  sense,  it  is  useful  primarily  to  system  R&cD 
planners  in  estimating  the  human  factors  effort  required  for  a  given  system 
development. 

This  section  is  intended  also  as  an  introduction  to  Section  2,  in  which  the 
system  engineering  process  per  se  is  outlined  and  man-machine  trade-off  con¬ 
siderations  and  techniques  are  described. 


+This  section  is  concerned  with  the  technical  phases  in  the  development  of  the  FBM 
System;  therefore,  the  management  aspects  of  the  process  (e.  g.  ,  the  letting  of  con¬ 
tract,  management  structures  such  as  the  Special  Projects  Office,  and  management 
techniques  such  as  PERT  are  not  included  in  the  description. 
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I.  DESCRIPTION  OF  THE  CYCLE 


The  development  of  a  complex  system  proceed*  roughly  through  the  phases 
shown  in  Fig.  1-1,  progressing  from  the  general  and  abstract  to  the  specific  and 
concrete.  For  a  system  as  complex  as  the  FBM  system,  these  steps,  in  general, 
will  be  followed  for  the  over -all  development  of  the  system.  However,  there  is 
considerable  overlap  and  variation  in  the  process  for  individual  subsystems  and 
equipments.  Each  design  ordinarily  is  subject  to  several  iterations  before  it  is 
accepted.  For  example,  at  the  present  time,  three  classes  of  submarines,  two 
generations  of  Fire  Control  and  Launcher  Subsystems,  and  a  continuously  evolv¬ 
ing  Navigation  Subsystem  have  been  designed,  with  future  generations  in  the 
planning  design  or  prototype  stages.  However,  for  any  individual  equipment  (on 
the  assumption  that  it  completes  the  design  cycle  successfully)  this  cycle  will 
provide  a  useful  framework  within  which  to  discuss  the  application  of  human  fac¬ 
tors  to  the  design  of  the  FBM  system. 

Having  listed  the  various  phases  of  a  weapon  system  development  cycle  (with 
some  hints  as  to  the  role  of  human  factors),  we  shall  now  examine  in  closer  de¬ 
tail  the  engineering  and  analytical  activities  involved,  their  relationship  to  man- 
machine  considerations,  kinds  of  human  factors  that  are  relevant  to  each  phase, 
and  the  degree  of  sensitivity  of  the  end  product  to  these  factors. 

Phase  1:  Definition  of  the  System  Operational  Requirements  and  Constraints 

Before  initiation  of  the  design  of  a  system  such  as  the  FBM,  extensive 
planning  and  exploratory  investigations  are  required  to: 

a.  Establish  operational  requirements  for  the  system,  including  an¬ 
alysis  of  the  anticipated  conditions  under  which  the  system  might 
be  operated. 

b.  Identify  technologies  potentially  capable  of  bringing  the  system  into 
existence;  for  example,  the  availability  and  suitability  of  inertial 
guidance  techniques  and  the  use  of  solid  vs.  liquid  propellant  rocket 
motors. 

c.  Determine  alternative  system  concepts  applicable  to  the  fulfill¬ 
ment  of  these  requirements;  for  example,  the  use  of  moving  launch 
platforms  (i.e.,  submarines)  vs.  stationary  undersea  platforms. 

The  establishment  of  over-all  weapon  system  requirements  is  made  by  the  Office 
of  the  Chief  of  Naval  Operations  (CNO)  and  is  based  in  part  on  the  presumed 
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enemy  capabilities  at  the  time  the  system  could  be  expected  to  be  operational. 
This  step  ordinarily  will  be  dependent  on  analyses  performed  by  military  agencies, 
research  organizations,  and  industry  for  the  provision  of  state-of-the-art  and 
trade-off  information  which  may  result  in  modification  of  the  requirements 
specified  for  the  system.  It  is  at  this  stage  that  cvitical  decisions  arc  made 
which  have  far-reaching  effects  upon  such  diverse  items  as  performance,  re¬ 
liability,  maintainability,  personnel  and  training  requirements,  procurement 
costs,  and  spare  parts  costs.  Early  gross  trade-off  studies  should  be  made  at 
this  level. 

Human  factors  has  had  limited  but  important  application  at  this  early 
stage  of  FBM  development.  As  an  example,  the  question  arose  of  the  psycho¬ 
logical  and  physiological  effects  of  prolonged  undersea  patrols.  This  question, 
central  to  the  development  of  the  system,  had  to  be  answered  before  a  final  sys¬ 
tem  concept  could  be  developed.  The  atomic  submarine.  Nautilus ,  was  used  as 
a  test  bed  for  this  purpose,  making  several  cruises  with  prolonged  subsurface 
operations  and  providing  much  useful  data  in  the  way  of  atmospheric  control  re¬ 
quirements  and  other  aspects  of  submarine  habitability.  Thus,  an  important  set 
of  human  factors  constraints  and  requirements  was  established  early  in  the  de¬ 
velopment  cycle. 

Phase  2:  Determination  of  Functional  Requirements 

Once  decisions  have  been  reached  about  the  system  operational  require¬ 
ments,  the  results  are  documented  in  the  form  of  a  Specific  Operational  Require¬ 
ment  (SOR),  which  is  prepared  by  CNO  and  transmitted  to  the  materiel  bureaus 
for  action.  In  response  to  this  document,  the  lead  bureau  (BuWeps  in  this 
instance)  must  prepare  a  Technical  Development  Plan  (TDP)  which  summarizes 
the  functions  which  must  be  performed  to  satisfy  these  requirements  and  the  con¬ 
ditions  under  which  and  tolerances  within  which  the  functions  are  to  be  performed. 
In  addition,  this  TDP  outlines  the  gross  techniques  and  equipment  concepts  which 
will  be  used  to  fulfill  these  functional  requirements.  Preparation  of  the  TDP  for 
the  FBM  system  has  been  a  direct  responsibility  of  the  Special  Projects  Office 
of  BuWeps.  Typically,  the  TDP  is  based  upon  a  functional  requirements  and 
feasibility  study,  or,  more  often  than  not,  parallel  studies  performed  by  Navy, 
industry,  university,  and  private  research  groups  reporting  to  the  Special  Pro¬ 
jects  Office.  These  studies  involve: 

a.  Detailed  consideration  of  techniques  and  technologies  which  can 
meet  the  requirements  (for  example,  the  use  of  an  inertial  guid¬ 
ance  system  to  provide  the  precise  position  information  required 
for  navigation  over  long  periods  of  submerged  operation,  the  se¬ 
lection  of  solid  propellant  fuels  for  the  missile  to  reduce  launch 
preparation  time,  etc.  ). 


4. 


Description  of  Cycle 


b.  Specification  of  the  time,  accuracy,  and  reliability  with  which  each 
function  will  have  to  be  performed  in  order  to  meet  the  operational 
requirements  of  the  system  (for  example,  the  missiles  must  be  de¬ 
signed  so  they  can  be  launched  in  Mx  "  minutes,  and  the  circular 
error  probability  for  the  missiles  must  be  "y  "  yards,  etc.  ). 

c.  Analysis  of  the  conditions  under  which  the  system  is  expected  to  be 
operated  to  determine  any  constraints  or  special  requirements  that 
this  might  impose  on  the  design  (for  example,  the  implications  on 
the  design  of  the  missile  of  launching  from  a  submerged  position, 
the  effects  of  sea  state,  the  potential  capabilities  of  the  enemy  to 
detect  the  submarine,  etc.  ). 

d.  Development  of  mission  profiles,  including  the  hypothetical  opera¬ 
tion  of  the  system  throughout  its  mission  in  order  to  determine 
more  precisely  the  design  requirements  and  support  requirements 
for  the  system. 

e.  Estimation  of  the  development  time  and  probable  effectiveness  of 
the  system  at  the  end  of  that  time. 

The  types  of  personnel  involved  in  these  studies  are  usually  conceptually  oriented 
and  include  physicists,  mathematicians,  and  systems  engineers.  During  this 
critical  phase  of  TDP  development,  the  functional  capabilities  of  the  human  being 
as  well  as  the  hardware  and  state-of-the-art  capabilities  mustbe  taken  into  account, 
and  man-machine  (or  manual-automatic)  decisions  must  be  made.  Some  cost 
trade-offs  between  man  and  machine  are  possible  at  this  level,  the  results  of 
which  can  help  direct  the  assignment  and  distribution  of  functions  among  person¬ 
nel  and  equipment. 

The  development  of  functional  requirements  and  system  concepts  thus 
involves  the  performance  of  feasibility  and  trade-off  studies  to  determine  the 
most  effective  approach  to  use  within  the  constraints  imposed  on  the  system. 
The  results  of  these  analyses  and  the  approach  that  was  to  be  followed  in  the 
development  of  the  FBM  system  are  stated  in  the  Technical  Development  Plan 
for  the  FBM  Weapon  System. 

Based  on  his  knowledge  of  the  capabilities  and  limitations  of  human  be¬ 
havior,  the  human  factors  specialist  can  contribute  at  this  point  to  decisions 
about  whether  or  not  to  use  personnel  to  perform  specific  functions.  At  the 
command  level,  he  is  primarily  concerned  with  decision-making  requirements; 
for  example,  the  complexities  and  unpredictability  of  the  situation  under  which 
the  system  must  operate  obviously  will  require  human  judgment.  At  levels  more 
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directly  related  to  the  hardware,  he  must  consider  auch  factors  as  the  degree  of 
automation  of  a  particular  subsystem  or  equipment.  For  example,  the  rapid  firing 
rate  required  of  the  Mark  84  Fire  Control  System  meant  that  an  automatic  firing 
mode  would  have  to  be  provided  because  of  man's  inability  both  to  process  the 
amount  of  information  that  would  be  required  of  him  and  to  respond  within  the 
time  available.  In  other  situations,  auch  as  checkout  of  the  subsystems  and  equip¬ 
ments,  a  more  manual  mode  of  operation  was  both  possible,  because  of  the  less 
stringent  time  limitations,  and  desirable  in  the  interest  of  designing  more  reli¬ 
able  and  flexible  test  equipment.  The  human  factor  s  effort  during  this  phase  thus 
represents  an  important  contribution  to  the  formulation  of  operational  and  main¬ 
tenance  concepts  for  the  system. 

Along  with  the  development  of  the  system  concept,  tentative  planning  for 
the  selection  of  suitable  types  and  number  of  personnel  to  man  the  system  may 
also  be  done. 

Phase  3:  Preliminary  Design 

The  FBM  Technical  Development  Plan,  as  promulgated,  incorporates 
the  most  feasible  concepts  and  techniques  for  implementation  of  the  functions. 
Thus,  it  is  important  that  systems  engineers  and  human  factors  specialists  co¬ 
operate  closely  in  this  phase.  The  latter  group  typically  provides  such  inputs 
as:  (1)  translation  of  subsystem  requirements  into  specific  personnel  require¬ 
ments  for  command,  operation,  maintenance,  and  support;  (2)  determination  of 
general  information  and  control  capabilities  required  by  the  personnel;  and  (3) 
preliminary  development  and  evaluation  of  alternative  procedures  which  the  per¬ 
sonnel  '  ill  use  to  perform  their  functions. 

Phase  4:  Detailed  Design 

After  the  specifications  for  the  system  or  subsystem  have  been  evalu¬ 
ated  and  approved,  the  individual  equipment  and  component  design  phase  is 
initiated.  At  this  stage,  the  electronic  and  mechanical  design  details  of  each 
equipment  are  undertaken  if  --  as  is  often  the  case  --  available  equipment  will 
not  meet  the  requirements  of  the  system.  This  involves:  (1)  preparation  of  elec¬ 
trical  and  mechanical  design  specifications  for  the  equipment;  (2)  consideration 
of  the  interfaces  between  equipments  and  between  equipment  and  personnel  (in 
the  form  of  controls  and  displays);  (3)  selection  (or  design,  where  required)  of 
components  which  are  required  for  the  production  of  the  equipment;  and  (4)  de¬ 
velopment  of  operating  and  maintenance  procedures. 
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These  activities  are  typically  the  responsibility  of  contractor  engineer¬ 
ing  personnel.  At  this  point,  man-machine  considerations  become  quite  specific 
and  directly  oriented  towards  hardware  requirements: 

a.  Selection  (or  design,  where  required)' of  control  and  display  com¬ 
ponents  which  meet  human  factors  criteria  for  the  conditions  under 
which  the  equipment  is  expected  to  be  operated. 

b.  Design  and  location  of  control  and  display  panels  and  consoles,  in¬ 
cluding  the  translation  of  information  and  control  requirements  into 
hardware  requirements  and  the  location  and  operation  of  the  control 
and  display  hardware  on  these  panels  and  consoles. 

c.  Electronic  and  mechanical  design  as  it  relates  to  test  procedures 
and  test  equipment,  location  of  teat  points,  provisions  for  monitor¬ 
ing  the  status  of  the  equipment,  and  the  other  considerations  related 
to  the  maintenance  of  the  equipment. 

d.  Determination  of  the  compatibility  of  the  equipment  design  with  the 
operational  and  maintenance  concepts  that  have  been  established 
for  the  system. 

e.  Detailed  development  of  operational  and  maintenance  procedures 
for  the  various  modes  and  conditions  of  operation  and  the  translation 
of  these  procedures  into  requirements  for  technical  manuals  and 
job  aids. 

f.  Consideration  of  the  design  of  operational  equipment  to  permit  its 
use  as  an  effective  medium  for  on-the-job  training  and  mainten¬ 
ance  of  proficiency  of  FBM  crews,  f' 

Often,  alternative  techniques  are  compared  and  evaluated  or  individual 
portions  of  the  equipmentare  mocked  up  and  tested.  For  example,  a  Fire  Control 


+  Although  beyond  the  scope  of  this  volume,  as  defined  by  SPO,  technical 
management  and  engineering  personnel  must  also  be  alert  to  potential 
problems  related  to  requirements  for  manning,  selection,  training, 
motivation  and  morale,  physiological  habitability,  logistic  support,  and 
information  feedback. 
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Console  simulator  was  fabricated  for  the  Mark  84  Fire  Control  Subsystem  to  de¬ 
termine  experimentally  the  ability  of  the  operator  to  perform  with  various  levels 
of  automaticity. 

At  the  same  time  the  equipment  or  component  specifications  are  being 
prepared,  the  requirements  for  training  of  personnel  and  the  design  of  simulation 
and  training  equipment  must  also  be  developed. 

Phase  5:  Fabrication  and  Testing 

When  the  detailed  circuitry  has  been  designed  and  provisions  for  pack¬ 
aging  and  interconnection  of  the  equipment  have  been  completed,  the  first  proto¬ 
type  of  the  system  is  fabricated.  +  Once  this  step  has  been  completed,  the  test 
engineer  interconnects  the  equipments  of  the  system  or  subsystem  and  checks 
out  their  operability.  At  this  time  an  examination  of  the  system  should  be  made 
from  both  design  and  operability  standpoints  to  insure  that  no  significant  human 
factors  problems  exist  or,  if  they  do,  to  provide  design  or  procedural  recom¬ 
mendations  for  their  elimination. 

Phase  6:  Installation  of  System 

After  the  subsystems  and  equipments  have  been  tested  and  approved, 
they  are  installed  in  the  submarine  and  tested  again,  this  time  as  an  integrated 
system  and  under  conditions  approximating  the  operational  and  environmental 
conditions  for  which  they  have  been  designed.  For  the  FBM  system,  this  evalu¬ 
ation  has  ranged  from  interface  circuitry  testing  of  the  subsystems  through  launch¬ 
ing  of  missile  test  vehicles  to  launching  of  operational  missiles. 

Human  factors  continues  as  an  important  concern  during  this  phase  in 
the  interests  of  determining  any  design,  procedure,  or  training  problems  that 
may  be  disclosed  only  under  these  test  conditions. 

Phase  7:  Operational  Evaluation  of  the  System 

Once  the  system  has  been  installed  and  determined  to  be  operational,  the 
next  problem  is  that  of  determining  whether  itmeets  the  established  operational 


+Under  typical  accelerated  development  schedules  for  FBM  equipment,  this  step 
is  often  merged  with  the  following  two  steps,  because  the  first  equipment  fabri¬ 
cated  often  becomes  the  first  operational  equipment.  This  is  important  to  recog¬ 
nize,  since  it  emphasizes  the  need  to  include  human  factors  considerations  in  the 
design  of  "engineering  model"  equipment. 
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requirements.  At  this  time,  the  system  is  turned  over  to  the  user  agency  to 
perform  this  evaluation,  usually  with  the  support  of  contractor  personnel.  In¬ 
formation  pertaining  to  man-machine  effectiveness  in  the  system  should  be  made 
available  during  this  evaluation  period,  to  be  used  both  for  the  correction  of  de¬ 
ficiencies  in  the  existing  equipment  or  procedures  and  for  providing  guidance  in 
the  development  of  later  models  or  future  systems. 

Phase  8:  System  Deployment  and  Operational  Utilization 

When  the  entire  system  has  been  determined  to  meet  operational  re¬ 
quirements,  it  is  deployed  by  the  user  agency  to  perform  the  functions  for  which 
it  has  been  designed.  Monitoring  of  operational  human  factors  problems  must 
continue  during  early  system  deployment,  since  utilization  of  the  system  under 
the  conditions  for  which  it  has  been  designed  remains  as  a  final  source  of  evalu¬ 
ation  information.  Solutions  to  such  problems  as  are  generated  at  this  time 
not  only  provide  answers  to  the  problem  at  hand,  but  also  provide  a  basis  for 
the  design  of  future  equipment  and  sy  stems.  Information  of  this  type  for  the  FBM 
system  has  been  obtained  from  the  responses  to  human  factors  questionnaires 
filled  out  by  the  crews  while  on  patrol  as  well  as  from  observations  by  design 
pe  rsonnel. 

After  a  system  has  been  operational  for  some  time,  it  is  almost  inev¬ 
itable  that  modifications  of  both  a  minor  (SPALT)  and  major  (model  change) 
nature  will  be  required.  This  may  be  the  result  of  changes  in  operational  re¬ 
quirements,  unsatisfactory  performance  of  the  equipment,  or  advances  in  hard¬ 
ware  state  of  the  art.  Man-machine  considerations  play  an  important  role  in 
establishing  human  engineering  requirements  for  model  changes  and  in  determ¬ 
ining  the  effects  of  SPALTs  on  operation  and  maintenance  of  the  system. 


In  the  FBM  system,  an  extensive  network  of  information  feedback 
has  been  established  to  insure  that  operational  experience  from  this  program 
is  available  to  management,  personnel,  training,  design,  and  logistics  acti¬ 
vities,  both  to  refine  the  present  utilization  of  resources  and  to  influence 
the  early  phases  of  follow-on  programs. 
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II.  GUIDELINES 


The  preceding  discussion  has  identified  the  role  of  human  factors  in  each 
phase  of  the  FBM  system  development  cycle.  This  information  is  conveniently 
summarized  in  Table  1-1  in  the  form  of  brief  management  guidelines  for  appli¬ 
cation  of  human  factors  throughout  the  cycle. 

It  is  important  to  note  that  in  proceeding  through  the  cycle  there  is  a  pro¬ 
gressive  narrowing  and  limiting  of  design  alternatives  open  to  the  engineer.  This 
fact  serves  to  underscore  the  importance  of  early  consideration  of  human  factors 
in  each  development  stage. 


Table  1-1 

Guidelines  for  Application  of  Human  Factors  in  System  Development  Cycle 


PHat«l  in  System  Participating 

Development  Cycle  Cad  Product  Agencies  System  Engineering  Activities  Relevant  Human  rectors  Activities 


l.  Definition  of  Specific  Op-  CNO 
system  opera-  t rational  Re- 

tional  require-  quiremsnt 

ments  '  (SOR) 


Mission  requirements  deter¬ 
mination  and  analysis;  identi¬ 
fication  of  operating,  weight, 
space,  and  other  constraints 


Establishment  of  personnel  impli¬ 
cations  and  constraints  (a.g.,  num 
bar.  type,  re-enlistment  rats, 
training  capabilities,  ops  rating 
environment) 


2.  Determination  Technical  Materiel 

of  functional  Development  Bureaus 

requirements  Plan  (TOP) 


Performance  ol  gross  trade¬ 
off  studies;  definition  of  oys- 
tem  and  subaystom  types, 
hardware  techniques  and  per¬ 
formance,  reliability,  and 
maintainability  goal  a.  deter¬ 
mination  of  information  trans¬ 
fer  requirements  throughout 
the  system;  establishment  of 
operational,  maintenance,  and 
support  concepts;  development 
of  system  evaluation  require  - 
ments 


.  Contribution  to  operational  and 
maintenance  concepts  and  main¬ 
tainability  goals 

.  Participation  in  gross  trade -off 
studies 

.  Cross  assignment  of  subsystem 
functions  to  personnel  and 
equipment 

.  Grose  division  of  duties  among 
personnel 

.  Determination  of  implications  for 
manning  and  training 


J.  Preliminary 
Design  of 
System  and 
Subsystems 


Determination  of  implications  for 
syetrm  evaluation 


System  and 
subsystem 

specifica¬ 

tions 


Materiel 
Bureaus  and 

their  con¬ 
tractors 


Evaluation  of  alternative  de¬ 
sign  concepts  with  respect  to 
preceding  etep  (e.  g. ,  analog 
vs.  digital,  mechanical  vs. 
electrical),  determination  of 
installation  requirements;  per¬ 
formance  of  detailed  trade-off 
studies;  preparation  ol  system 
and  subsystem  specifications 


Analysis  of  information  transfer 
requirements  throughout  the  sys¬ 
tem 

Detailed  assignment  of  subsystem 
functions  to  personnel  end  equip¬ 
ment  for  each  alternative  design 
concept 

Translation  of  information  trans¬ 
fer  requirements  into  display, 
control,  and  processing  tequire- 
msnts  for  each  alternative  design 
concspt 


.  Evaluation  of  each  with  respect  to 
human  factors  («,g.,  implications 
for  number  and  types  of  person¬ 
nel,  training.  ;ob  aids,  man- 
mar  hinr  interface  design,  data 
processing  rrqui  rements  ,  etc.) 


General  location  of  operator  and 
maintenance  stations 


General  design  ol  functional 
procedures 

Preparation  of  man-machine  por¬ 
tions  of  subsystem  specifications 
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PImhi  l>  System  Pirllr.lpttU| 

DwilopmaM  Cycle  Xnd  Product  ApRCku  SyMlm  [R|lMtrln|  Activlltei  Relevant  Human  Factor#  Activities 


4.  Detailed  Da* l||n  Equipment  BuWsp* 

0 4  Syotem  and  and  compo.  RuShlps 

tubiyatMn  Mat  d«ilp  BuPtri 

ipacUlcitlaBi  BuSudA 

Contractor# 


S.  Fabrication  and  System  pro-  Matoriol 

tooting  of  OfO-  totypo  (or  Bureau#, 

tom  ft -at  model)  Contractor  o 

■vtd  technical  and  subcon  - 

manuala  tractor  a, 

BwPoro 


6.  Installation  and  Completed 
initial  (dockside)  system, 
operation  of  ready  for 

lyiWm  ooa  triale 


Shipyard#, 

iiaUrSai 

bureau*. 

contractors 


7.  Operational 
Evaluation  of 
System 


Teot  and  Matoriol 

evaluation  bureaus, 

reports  OPTX  V 

FOR, 

fleet. 

contractor* 


8.  Deploy,  neat  and  Operational  Fleet 
Operational  deficiency 

UtUUatton**  roperti 


Reliability -maintainability  an¬ 
alyst!  and  prediction;  deter¬ 
mination  o(  eyeterr  and  aubeya- 
tam  teat  and  checkout  require¬ 
ment*;  login  tic  tupport  analy¬ 
sis;  generation  of  system 
evaluation  plana,  and  of  per¬ 
formance,  reliability  and 
maintainability  reporting  re¬ 
quirement*  and  procedures; 
establishment  of  quality  assur¬ 
ance  and  equipment  modifica¬ 
tion  (SPALT)  program*;  defi¬ 
nition  of  personnel  and  training 
requirement*;  establishment 
of  documentation  (i.  e.  ,  tech¬ 
nical  manual)  requirements 


Continuing  review  of  quality 
aecnranc*  program  result#  and 
of  early  performance,  reli¬ 
ability,  and  maintainability  re. 
porta;  definition  of  spare  parte 
procurement,  inventory,  and 
transportation  requirements; 
initiation  and/or  approval  of 
minor  modification:!  (3PAL.TS) 


Analysis  of  installation  prob¬ 
lems  and  reports;  initiation 
and/oT  approval  of  minor  modi¬ 
fications  (SPALTS) 


Analysis  of  individual  tret 
and  evaluation  reports ♦;  initi¬ 
ation  And/or  approval  of  minor 
modifications  (8PALTS);  con¬ 
tinuing  review  of  system  per¬ 
formance,  reliability,  and 
maintainability 


Analysis  of  operational  defi¬ 
ciencies;  initiation  and/or 
appr oval  of  minor  modifica¬ 
tions  (3PALTS);  continuing 
review  of  system  performance, 
reliability,  and  maintainability 


.  Translation  of  control  and  display 
raqui r*m*nta  into  hardware  re¬ 
quirement* 

.  Specification  of  Icv.aiion  and  en¬ 
vironment  (or  operator  stations 

.Selection  and  design,  where  re¬ 
quired,  of  control  and  display 
components 

.  Design  of  operator  panels,  con¬ 
soles,  and  workepaca* 

.  Selection  and  location  of  commu¬ 
nication  equipment 

.  Specification  of  operating  and 
maintenance  procedures  for  nor¬ 
mal  and  non-normal  modes  of 
operation 

.  Participation  in  system  evalua¬ 
tion  planning 

.  Personnel  manning  and  training 
requirements  determination 

.Evaluation  of  prototype  system 
from  human  factors  standpoint 

.  Recommendation*  of  modifications 
to  designs  or  procedures  for  op¬ 
eration  and  maintenance 

.Establishment  of  training  courses 

.  Familiarisation  of  personnal  with 
system 


.  Review  of  installation  reports 
from  human  factor c  standpoint; 
recommendations  of  minor  de¬ 
sign  change* 

.  Training  ol  personnel 


.  Review  of  test  and  evaluation  re. 
porta  from  human  (actors  stand¬ 
point  * 

.  Recommendations  of  design  or 
procedural  modification* 

.  Determination  of  training  ade¬ 
quacy  and  recommendation  of 
changes 

.  Review  of  operational  deficiency 
reports  from  human  factors 
standpoint 

.  Interview*  with  operating  and 
maintenance  personnel  to  obtain 
additional  data 

.  Recommendation  of  design  or  pro¬ 
cedural  modification# 


^First-hand  observation  ia  extremely  desirable  11  appropriate  arrangement*  can  be  mads. 

this  phase  ol  the  cycle,  accumulated  modification  (SPAL  )  requirement*,  technological,  or  eiaie-of -the -art 
improvements,  and  change*  in  operational  or  functional  requirements  m*y  warrant  a  major  design  change  (r.  g.  . 
modal  c hongs),  in  which  case  the  cycle  Is  repeated,  starting  with  Phase  J 
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CONTENTS  OF  SECTION 


This  liection  develops  and  presents  human  factors  considerations  to  be  ap¬ 
plied  cat  <y  in  the  design  of  the  system  when  functional  requirements  are  being 
analyzed,  system  concepts  are  being  formulated,  and  functions  are  being  as¬ 
signed  to  man  and  machine.  +  It  is  intended  for  the  military  analyst,  scientist, 
or  systems  engineer  who --whether  consciously  or  not --makes  decisions  about 
where  man  is  to  be  utilized  in  the  system  and  what  functions  he  should  be 
assigned. 

For  the  systems  engineer,  it  is  useful  in  establishing  a  frame  of  reference 
in  which  to  decide  upon  appropriate  roles  for  man  and  machine  and  in  determin¬ 
ing  how  man -machine  functions  should  be  implemented.  Further,  it  will  aid  in 
determining  the  location  of  personnel,  the  general  nature  of  the  duties  and  tasks 
to  be  performed  by  each,  their  information  and  control  requirements,  and  esti¬ 
mations  of  the  workload  that  will  be  imposed  on  each  of  the  personnel.  The  end 
product  of  applying  the  information  in  this  section  is  a  set  of  man-machine  inter¬ 
face  requirements  which  can  then  be  transformed  into  specific  hardware  require¬ 
ments  for  displays,  controls,  panels,  workspaces,  etc. 

Part  I  of  Section  2  contains  an  intensive  discussion  of  the  various  kinds  of 
factors  which  influence  man-machine  integration;  these  include  mission,  system, 
use,  and  man-machine  factors.  The  latter  group  is  expanded  upon  in  some  de¬ 
tail  with  a  discussion  of  human  task  trends  in  Naval  weapon  systems,  definitions 
of  fundamental  man-machine  tasks  and  the  elements  of  which  they  are  composed, 
a  discussion  of  the  nature  of  the  man-machine  interface,  and,  finally,  a  summary 
of  relative  capabilities  and  limitations  of  men  and  machines. 

Part  II,  Man-Machine  Integration,  is  divided  into  four  major  discussion 
areas.  The  first  is  a  brief  description  of  various  system  models  as  aids  to  task 
assignment  in  which  different  techniques  of  describing  man-machine  system  oper¬ 
ation  are  presented.  One  of  these  techniques,  the  Operational  Sequence  Diagram, 
is  then  described  in  detail.  The  differences  between  operational  and  maintenance 
interfaces  between  man  and  machine  are  also  described,  and  the  utility  of  each 
technique  with  respect  to  these  interfaces  is  discussed. 


*"The  term  "system"  is  used  here  in  a  generic  sense  to  refer  to:  (a)  the  entire 
FBM  system;  (b)  subsystems  within  this  complex;  or  (c)  individual  equipments, 
depending  on  the  particular  level  of  design  to  be  discussed. 


Contents 


The  second  major  area  is  entitled,  "Man-Machine  Task  Assignment  Guide¬ 
lines,  "  In  this  section  specific  guidelines  for  assignment  of  functicsrs  to  man 
and  to  machine  are  presented  and  specific  human  requirements  for  sensing,  pro¬ 
cessing,  and  actuating  are  identified. 

The  third  area  is  that  of  evaluating  task  assignments  to  man  vs,  machine. 
Once  a  trial  assignment  has  been  made  (and  all  assignments  must  be  considered 
as  such  since  the  process  is  an  iterative  one  during  early  stages  of  weapon  sys¬ 
tem  planning  and  design),  it  must  be  evaluated  with  respect  to  a  number  of  sys¬ 
tem-oriented  criteria.  These  criteria  are  listed  and  discussed,  together  with 
evaluation  schemes.  The  fourth  area  deals  with  the  end  products  of  the  systems 
engineering  process  insofar  as  human  factors  are  concerned,  namely,  specifi¬ 
cation  of  man-machine  interface  requirements.  The  purpose  of  this  final  dis¬ 
cussion  in  Volume  1  is  to  define  the  nature  of  the  man-machine  interface  and  to 
direct  the  reader  towards  the  appropriate  application  of  Volume  2,  Design  of 
Equipment. 


Man  Machine  Integration 


I.  FACTORS  INFLUENCING  MAN-MACHINE  INTEGRATION 


To  gain  a  perspective  on  the  role  of  human  factors  in  systems  engineering, 
it  is  important  to  understand  the  system  engineering  process  itself.  It  may  be 
conceived  as  a  dynamic  sequential  decision  process  with  limited  reversibility, 
subject  to  several  sets  of  constraints.  Consideration  of  the  realities  of  tech¬ 
nical  RkD  requires  further  that  the  system  engineering  proceed  be  viewed  as  an 
heuristic  process  in  which  several  alternative  conceptions  may  be  developed  and 
carried  along  simultaneously,  some  or  all  may  be  altered  or  eliminated  as  a 
function  of  the  constraints  imposed  at  various  development  stages,  and  new  con¬ 
ceptions  may  be  developed.  As  the  cycle  proceeds  and  successive  commitments 
are  made  to  selected  lines  of  development,  the  commitments  themselves  eerve 
as  a  new  set  of  constraints  on  later  decisions.  Often,  certain  constraints  or 
new  technological,  military,  political,  or  economic  considerations  may  require 
that  an  entire  line  of  development  be  dropped  and  the  system  be  reconceived 
from  an  earlier  step  in  the  cycle. 

Thus,  in  the  final  analysis,  a  weapon  system  is  not  really  "developed"  in  the 
strict  planning  sense;  rather,  it  is  "grown"  in  the  highest  sense  of  the  word. 
What  we  are  saying,  in  effect,  is  that  good  system  concepts  may  be  selected  and 
the  conditions  for  their  growth  and  -  maturation  may  be  optimized  in  a  properly 
planned  and  executed  system  development  program.  The  end  product  of  such  a 
program  is  alway a  a  man-machine  system  in  which  man  and  machine  perform 
complementary  (and  often  supplementary,  i.  e.  ,  backup)  functions.  + 

If  the  functions,  operations,  and  actions  defined  for  a  given- system  could  be 
assigned  to  man  or  machine  on  the  basis  of  relative  capabilities  alone,  the  assign¬ 
ment  task  would  not  be  very  difficult.  The  significant  decision  problems  arise 
out  of  the  necessity  to  develop  hardware  and  software  for  a  specific  system,  to 
be  used  in  a  specific  context,  anticipating  a  range  of  variation  in  both  system 
design  and  use.  For  example,  although  a  general-purpose*  computer  is  both 


+It  is  important  to  recognize  that  both  man  and  machine  are  almost  completely 
"programmed"  in  their  performance  by  virtue  of  wiring  (fixed  equipment  pro¬ 
gram),  tape,  card  or  drum  storage  (flexible  equipment  program),  written 
procedures  (fixed  human  program),  training  (flexible  human  program),  and  ex¬ 
perience  (flexible  human  program).  We  say  "almost  completely  "  because  of  the 
ever-present  possibility  of  random  behavior,  as  iri  equipment  failure  and  human 
error. 
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feasible  and  economical  for  certain  applications,  its  use  for  FBM  navigation  and/ 
or  fire  control  may  be  unthinkable  due  to  special  requirements  (e.g.,  reliability, 
independence)  or  constraints  (e.  g.  ,  space). 

These  decisions  normally  are  made  during  the  initial  or  preliminary  design 
stages  of  system  development.  It  is  important  to  note  that  they  may  not  be 
"conscious"  decisions  per  se,  i.e.,  they  may  be  constrained  as  a  result  of  allied 
decisions  in  other  areas,  such  as  a  decision  to  decentralize  all  digital  data  pro¬ 
cessing  capability.  Thus,  as  a  continuing  outgrowth  of  increasing  concept  and 
design  specificity  throughout  weapon  system  development,  the  allowable  de¬ 
grees  of  freedom  in  both  hardware  and  software  concepts  and  in  design  become 
ever  smaller.  Toward  the  end  of  the  development  cycle,  there  are  only  minor 
variations  allowed  on  a  single  design  theme;  and  the  final  selection  among  these 
variations  can  be  made  on  the  basis  of  dollars,  time,  or  whether  the  manufacturer 
is  located  in  a  depressed  area.  The  point  here  is  that  effective  planning  requires 
that  decision  consequences  be  recognized  early  enough  to  change  the  course  of 
design. 

A  final  point  deserving  of  introductory  emphasis  is  that  because  functional 
requirements  and  constraints  begin  to  be  dictated  (if  not  overtly  recognized)  early 
in  the  planning  game,  weapon  system  planners  must  become  aware  of  the  potential 
consequences  of  their  decisions  with  respect  to  men,  machines,  and  program¬ 
ming  requirements. 

A  system  development  thus  proceeds  from  a  desired  mission  through  the  es¬ 
tablishment  of  basic  system  functions  required  to  perform  the  mission  to  the 
assignment  of  these  functions  to  men,  software  (programming),  and  hardware 
(equipment).  This  process  is  strongly  influenced  by  three  sets  of  factors  which 
we  have  labelled  "system-determined  factors,  "  "use-determined  factors,  "  and 
"man -machine,  or  human,  factors.  "  The  entire  process  is  summarized  in  Fig. 
2-1,  which  indicates  the  sequential  and  iterative  nature  of  the  process  and  iden¬ 
tifies  the  factors  which  must  be  considered. 

Man-machine  factors  cannot  be  discussed  in  isolation  from  the  weapon  sys¬ 
tem  planning  and  development  process,  since  they  are  deeply  imbedded  therein. 
Thus,  is  is  of  primary  importance  to  understand  the  process  itself.  To  this  end, 
a  series  of  tables  (2-1  through  2-5)  has  been  constructed  to  help  identify  and  de¬ 
fine  the  various  factors  and  their  multiple  interactions.  We  shall  progress 
through  the  tables  in  the  direction  of  increasing  system  specificity,  represent¬ 
ing  the  planning  and  preliminary  design  portion  of  the  weapon  system  development 
cycle.  Each  table  will  be  discus  sed  in  detail,  and  examples  will  be  given  where 
appropriate. 
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Progr«saiv*  Nerreming  of  Design  Alternatives  snd  Degrees  of  Freedom 


Fig.  2-1.  Factors  in  Weapon  System  Development 


1  Mission-Determined  Factors  (Table  2-1) 

1 .  1  Mission  Types 

The  very  nature  of  the  mission  itself  will  immediately  impose  general 
constraints  on  system  design  and  will  thus  influence  man-machine  function  as¬ 
signment.  A  given  mission  type  (examples  of  which  are  listed  in  Table  2-1) 
will  delimit  the  range  and  scope  of  system  types  from  which  a  final  selection  can 
be  made  and  similarly  will  determine  the  functions,  performance  requirements, 
and  subsystem  types.  Within  the  present  Navy  context,  the  FBM  mission  (a 
combined  one  of  deterrence  and,  failing  that,  strategic  warhead  delivery)  dic¬ 
tates  the  employment  of  a  surface-ship-  and/or  submarine-launched  missile,  with 
the  latter  syotem  type  preferred  for  its  survivability  and  difficulty  of  detection. 
The  functional  phases  of  target-to-weapon  assignment,  navigation,  weapon  arm¬ 
ing,  and  launching  are  also  predetermined  by  the  mission  type  with  resulting  di¬ 
rect  influence  upon  man-machine  assignments.  Certain  system  performance 
requirements  can  also  be  established  at  this  point  based  upon  trade-off  studies 
(e.  g.  ,  warhead  yield  vs.  missile  guidance  accuracy  vs.  submarine  navigation 
accuracy  vs.  error  in  knowledge  of  critical  target  position. 
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Table  2-1 

Examples  of  Mission-Determined  Factors 


Mi«aioa  Typ«is 


Funr  tionxl  Ph*««S 


Performance  Requirement* 


Jatfvrtncr 

RaccnMiu&fl~* 

Sfcor*  Bombardment 
ASW 

Harbor  Defense 

Tactical  Warhead  Delivery 

Strategic  Warhead  Delivery 

Clone -support 

Logistic  Delivery 

She* -of- Strength 

Communications 

Command /Control 
Other 


ASW  Mission 

Proceed  to  Datum 

Navigate 

Search 

Localise 

Classify 

Track 

Attack 

Post-Attack 

Assessment 


Airborne  Weapon 
Delivery  Mjaaicg 

Target  Assignment 

Pre-  Vlight 

Take-off 

Climb 

Patrol 

Navigate 

Delivery 

Rendeavoue 

Return- to-Base 


Poet-Ops  Analysis 


Speed 

Altitude 

Depth 

Maneuverability 

Accuracy 

Weapon  Yield 

Turn-Around  Time 

Reaponee  Time 

Operational  Readiness 

System  and  Subsystem  Availability 

MTBF  4  minimum) 

Down  Time  (maximum) 

Detection  Range 
Channel  Capacity 
Memory  Storage 
Data  Rate 
Other 


Weapon  System  Development  Cycle 
(Direction  of  Increasing  Specificity)  " 


1.2 


Functional  Phases 


Each  functional  phase  of  a  given  mission  type,  together  with  other  fac¬ 
tors,  will  help  establish  the  system  performance  requirements  and  system  and 
subsystem  types  in  a  manner  similar  to  that  first  described. 


1.  3 


Performance  Requirements 


The  partial  listing  in  Table  2-1  is  sufficient  to  indicate  the  scope  r«f  poa  - 
sible  effects  upon  the  assignment  decision.  For  example,  if  count-down  time  is 
an  appropriate  and  critical  function  for  the  FBM  system,  and  if  enemy  missile 
characteristics  and/or  political  considerations  dictate  that  count-down  time  should 
not  exceed  15  minutes,  then  critical  missile  checkout  and  readiness  operations 
will  have  to  be  compressed  in  time  such  that  there  will  be  an  over-riding  need  to 
automate  some  of  tne  more  time-consuming  operations. 

As  another  example,  the  high  availability  requirement  of  the  FBM 
Navigation  Subsystem  may  be  met  by  increasing  redundancy  reliability,  or 
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maintainability.  This  is  easily  seen  by  studying  the  availability  function  for  re¬ 
dundant  equipments.  + 


where 

An  =  redundant  availability,  or  probability  that  at  least  one  out  of  n 
equipments  will  be  operable  when  needed 

Tf  =  mean  time  to  failure 
=  mean  down  time 

n  =  number  of  equipments  (i.  e.  ,  redundancy) 

Either  increasing  n  ( redundancy) or  Tf  (reliability)  or  reducing  T,j  obviously  will 
result  in  increasing  availability,  although  increasing  redundancy  or  reliability  is 
generally  more  difficult  and  costly.  Thus,  in  order  to  meet  the  Navigation  Sub¬ 
system  availability  requirement,  there  has  been  a  pressure  to  reduce  down  time 
by  automating  certain  checkout  and  fault  isolation  functions  in  addition  to  the  par¬ 
allel  effort  to  provide  redundancy  (e.  g.  ,  3  SINS,  2  NAVDACS)  and  improve  re¬ 
liability.  It  is  also  conceivable  that  in  some  cases  system  accuracy  may  be 
affected  adversely  by  human  intervention  and  that,  as  a  result,  certain  critical 
procedures  must  be  carried  out  automatically. 

Finally,  the  need  for  rapid  firing  of  the  missiles  requires  a  rate  of  in¬ 
formation  processing  beyond  human  capabilities,  thus  dictating  an  automatic 
normal  launch  sequence. 


2  System-Determined  Factors  (Table  2-2) 


2.  1  System  Type 


The  very  nature  of  a  weapon  system  dictates  many  gross  allocation  limits. 
For  example,  while  an  FBM  submarine  is  under  way,  the  performance  of  check¬ 
out  and  maintenance  of  a  Polaris  missile  is  limited  by  the  relative  inaccessibility 


This  formulation  implicitly  assumes  that  each  equipment  has  a  repairman 
assigned  to  it  full  time.  For  a  more  detailed  discussion,  see  this  volume, 
page  2  7,  and  Volume  2,  page  220  et.  seq. 
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Table  2-2 

Examples  of  System-Determined  Factors 


Sub  ay stan* 

Sy«t«  Type 

Subsystem  Type 

Design  Concept# 

Design  Constraints 

Manned  Aircraft 

Weapon  Carrier 

Analog 

Cost 

FBM  S'  'mrib* 

Sen  a  | 

Digital 

Weight 

Helicopter 

Data  Processing 

Mechanical 

Volume 

SAM 

Navigation 

Electrical 

Personnel 

Orbital  VeMcI* 

Fire  Control 

Hydraulic 

Safety 

Dat*  System 

Launch 

T-  urn* tic 

State  of  the  A  rt 

Gulden  c  _ 

Modular  Design 

Flight  Conn  *1 

Redundant  Element* 

Fueling 

B Milt-in  Checkout 

Feature# 

Propulsion 

Design  to  Simplify 

Payload  or 

W  apcn 

Operation 

Design  to  Facilitate 
Maintenance 


Weapon  System  Development  Cycle 
(Direction  of  Increasing  Specificity) 


of  the  launch  tubes,  requiring  that  critical  subsystems  such  as  guidance  and  flight 
control  be  monitored  continuously  and  automatically. 

Since  any  of  the  sixteen  missiles  can  be  launched  at  different  targets, 
simple  Go/No-Go  checks  on  guidance  accuracy  often  result  in  the  less  accurate 
missiles  being  down,  whereas  quantitative  information  concerning  resulting  CEP 
can  permit  re -targetting  such  that  less  accurate  missiles  may  be  assigned  to 
nearer  targets.  (Note  that  in  this  instance  a  less  automatic  approach  may  result 
in  increased  system  capability.  ) 

2.  2  Subsystem  Type 

Each  subsystem  type  carrie  s  with  it  specific  function  allocation  require¬ 
ments,  depending  again  on  conditions  cf  use.  Guidance  and  navigation  subsystems 
typically  requir  e  careful  alignment  and  accuracy  checks  in  addition  to  straight¬ 
forward  "operating"  checks.  In  contrast,  there  is  no  possible  way  to  check  out 
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the  propulsion  system  of  the  solid-fuel  missile.  Flight  control  checks  may  be 
either  operability -type  (e.  g.  ,  hard-over  jetavators  in  response  to  input  signal) 
or  response-determining  type  (e.g.  ,  dynamic  analysis),  depending  upon  purpose 
of  checkout  and/or  level  of  maintenance. 

For  navigation,  several  alternatives  and  combinations  thereof  are 
feasible:  inertial,  hyperbolic  radio,  etc.  Each  carries  with  it  specific  implica¬ 
tions  for  function  assignment. 

2.  3  Subsystem  Design  Concepts 

It  is  at  this  decision  stage  that  design  variables  begin  to  affect  function 
assignment.  For  example,  a  navigation  subsystem  must  operate  in  real  time, 
using  inputs  from  various  sensors  and  providing  continuous  accurate  data  on 
position,  velocity,  and  attitude.  The  different  navigation  sensors  may  require 
the  employment  of  mechanical,  electromechanical,  or  electrical  techniques. 
Navigation  data  processing  may  be  more  or  less  automated  and  may  require 
combinations  of  digital  and  analog  techniques.  Each  possibility  implies  specific 
function  assignment  problems. 

As  a  more  detailed  example,  let  us  consider  design  for  maintainability 
and  examine  the  effects  of  two  alternative  design  concepts,  namely,  Modular 
Design  and  Centralized  Access  Points  (i.e.  ,  brought  out  to  a  central  location  in 
a  single  cable.  Fig.  2-2  indicates  the  nature  of  this  decision  problem.  As  a 
given  subsystem  is  subdivided  into  an  increasingly  greater  number  of  replace¬ 
able  functional  modules,  the  following  consequences  will  generally  accrue  for  the 
case  where  at  least  one  access  point-  from  each  module  is  brought  out  to  a  central 
location: 


.  Decreased  reliability  or  lower  mean  time  between  subsystem  fail¬ 
ures  (more  connectors,  wiring,  etc.  ). 

.  Increased  weight. 

.  Larger  cable  diameter  and  number  of  wires. 

.  Less  checkout  sophistication  required.  Instead  of  carrying  out  tests 
(usingafew  access  points)  requiring  solution  of  complex  simultane- 
out  equations,  it  is  possible  simply  to  signal-trace  through  succes¬ 
sive  module  access  points  to  determine  existence  of  failure. 

.  More  complex  internal  switching  in  the  automatic  test  gear. 

.  Decreased  trouble-shooting  time  due  to  ease  of  sequential  signal¬ 
tracing. 
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Whether  these  check*  ahould  b«  done  by  men  or  machine  now  depends  entirely 
upon  cystem-specifU  requirement.,  aurh  aa  apaed  and  accuracy,  and  upon  op  - 
a.  atiurwl-uae  .  onai  Je  rr.Uont  auch  aa  evailabiltty  ot  trained  personnel. 


Fij,  2-2.  Effect  of  modular  design  and  test  point  policy  upon 
monitoring  and  checkout  gear 


MtoNttawr 
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Obviously  the  number  and  location  of  access  points  in  the  Polaris  missile  is  a 
crucial  design  decision  which  is  really  independent  of  modularization.  As  such, 
it  has  many  consequences  and  requires  the  ipecification  of  design  guidelines  for 
functional  modularization  based  upon  trade-offs  between  prime  and  test  equip¬ 
ment  design. 

2 .  4  Design  Constraints 

In  this  category  we  include  such  factors  as  cost,  wieghtand  space,  safety, 
survivability,  state  of  the  art,  and  human  limitations  which  dictate  the  assign¬ 
ment  of  certain  types  of  functions  to  men  or  machines.  In  navigation,  real-time 
continuous  computation  of  position  (if  required)  must  be  done  by  automated  means 
because  of  human  limitations  with  respect  to  computational  speed  and  load.  Si¬ 
milarly,  rapid  sequential  launching  of  missiles  in  normal  operation  must  be  done 
automatically  because  of  the  large  number  of  parameters  and  the  high  data  rate 
inv  olved. 


We  have  already  discussed  the  effect  of  missile  accessibility  limitations 
upon  missile  checkout  and  maintenance  capability  requirements  (see  previous  dis¬ 
cussion  under  System  Type).  One  hardware  state-of-the-art  1  .citation  in  main¬ 
tenance  is  that  of  wave-form  analysis  and  interpretation,  which  at  present  is 
most  easily  and  least  expensively  done  by  a  properly  trained  technician. 

3  Use-Determined  Factors 

3.1  Base  or  Site  Considerations  (Table  2-3  A) 

For  any  given  weapon  system,  the  basing  or  type  of  launch  site  or  plat¬ 
form  will  impose  a  number  of  additional  requirements  and  constraints  upon 
development  alternatives.  At  a  hardened  distributed  ground-based  ICBM  site 
where  a  number  of  subterranean  silos  may  be  geographically  separated  by  dis¬ 
tances  approximating  a  mile  or  more,  state  -of-the-art  constraints  might  eliminate 
the  possibility  of  completely  centralized  fire  control  and  missile  checkout  equip¬ 
ment,  in  which  case,  separate  equipments  would  be  required  for  each  missile, 
perhaps  with  some  overlapping  capability.  But  now  the  planner  would  want  to 
consider  carefully  the  possibility  of  using  the  same  equipment  for  both  fire  con¬ 
trol  and  targetting  detailed  periodic  and  pre -launch  checkout  using  different 
programs  (manual  or  automatic)  and  criteria  in  each  case.  In  an  FBtvl  submarine, 
however,  it  is  possible  to  time-share  a  single  fire  control  subsystem  among  all 
16  missiles  for  the  fire  control,  targetting,  and  checkout  functions. 


Use-Determined  Factors 


Table  2-3  A 

Examples  of  Use -Determined  Factors 


Bcm  or  Slu 
Coneide  r«t  ion* 

Quantity 

Deployment 

Environment 

Sea-Based 

Number  of 

Location  of 

Physical  Stress 

Humidity 

Psychological  Stress 

Motivation 

Land-Bared 

System  EJe- 
rents  per 

Distributed 

System 

Noise 

Morale 

Hardened 

Location 

2  laments 
(Operations, 

Vibration 

Danger/ Safety 

Soft 

k.  j-Line 
Redundancy 

Maintenance. 

Logit  tic  a 

Accelerator 

Time  pressure 

Distributed 

Other 

Consideration  ) 

Temperature 

nformation  Load 

Compact 

Geo-political 

G  on  aide  ration  ■ 

Pressure 

Mission -Induced 

Forward  Area 

Continental  US 

Air-Launched 

Orbital 

Other 

Atmoaphe;  ic 
Composition 

Stress 

TaaK-lnduced 

Stress 

Failure  -Induced 

St  ess 
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3. 2  Quantity 

Such  considerationr  as  number  of  weapons,  on-line  redundancy,  etc. 
are  often  predeterm:' ned  by  preceding  considerations  in  the  planning  cycle. 

The  numbor  of  Polaris  miss  les  per  FBM  submarine  was  selected  as  a 
compror  se  ba‘ed  on  trade-off  considerations  involving  number  and  *ost  of 
submarines,  strategy  oi  operational  deployment  for  submarines  with  respect  to 
enemy  target  locations  and  prooable  search  capability,  and  achievable  missile 
range  for  a  configuration  containable  within  submarines.  The  periodic  and  pre- 
launch  checkout  equipment  parameters  were  largely  determined  by  missile 
firing  rate  (limited  by  state  of  the  art)  and  specific  na  are  of  the  various  sub¬ 
systems.  Tt  is  important  to  note  here  that  the  second  generation  of  FBM  sub¬ 
marine  a  is  capable  of  an  increased  missile  firing  rate ,  v hi  ch  in  turn  has  necessitated 
a  change  in  targetting  techniques  and  in  pre-launch  checkout  requirements. 
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3.  3  Deployment 

The  distance  between  the  location  of  maintenance  and/or  checkout  gear 
and  personneland  the  location  of  the  equipment  to  be  maintained  can  set  important 
constraints  on  checkout  and  design  requirements.  Even  more  obvious  is  the 
effect  of  distributed  locations  of  system  elements  upon  logistics  requirements 
and  upon  command/control  and  communications  requirements. 

3. 4  Environment 

3.  4.  1  Phy  sical 

State-of-the-art  limitations  at  any  given  time  will  often  combine 
with  system  performance  requirements  to  dictate  a  system  operating  environ¬ 
ment  which  is  incapable  of  supporting  human  life  (for  example,  an  unmanned 
satellite -launched  weapon).  Such  instances  will  normally  result  in  a  class  of 
non-allocate.bl.e  functions,  i.  e.  ,  a  class  of  functions  which  can  be  performed 
only  by  automated  means.  In  less  extreme  cases,  atmospheric  conditions  may 
affect  the  allocation  decision.  For  example,  carrier-based  aircraft  flight-line 
checkout  in  extreme  environment  (cold,  noise,  etc.  )  should  not  require  ex¬ 
tended  exposure  of  personnel.  Thus,  the  allowable  exposure  time  for  humans 
in  extreme  environments  may  become  ,*  determinant  in  function  allocation.  When 
manual  operations  exceed  this  time,  some  functions  must  be  automated, 

3.  4.  2  Psychological 

In  addition,  there  are  the  more  subtle  psychological  stresses  which 
will  often  degrade  the  usefulness  of  checkout  equipment  in  the  field.  There  are 
elements  of  both  danger  and  "time  pressure"  in  pre -launch  operation s  associated 
with  ballistic  missiles  and  in  carrier  landing  operations  which  may  degrade  man's 
ability  to  make  complex  decisions  accurately  and  with  the  required  timing.  The 
effects  of  both  psychological  stress  and  so-called  "task-induced  stress"  (i.  e.  , 
the  effect  of  "loading"  the  operator)  on  human  performance  in  varying  types  of 
talks  and  system  design  situations  are  well  documented  in  the  psychological 
literature(8>  12,  13,  19,  22). 

One  further  psychological  concept  deserves  special  consideration 
at  this  point.  The  effects  of  varied  levels  of  motivation  and  morale  upon  operat¬ 
ing  ind  maintenance  effectiveness  can  be  very  great.  In  reviewing  relevant  lit¬ 
erature  in  this  area,  we  find  that  low  levels  of  motivation  and  morale  are  found 
to  be  associated  with  two  kinds  of  function  mis  -allocation: 

1)  Where  equipment  lequires  high  skill  levels  on  the  part  of  low 
skilled  personnel. 
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<£)  Where  equipment  requires  low  Bkill  levels  on  the  part  of  high- 
skilled  personnel. 

Note  that  these  are  not  necessarily  simple  man-machine  mismatches  due  to  bad 
selection,  training,  or  assignment  of  personnel.  Rather,  they  are  largely  design- 
controllable  in  the  following  sense: 

.  The  first  instance  [  1)  above]  involves  equipments  which  are 

designed  such  that  only  simple  manipulative  and  gross  decision 
functions  are  required  of  the  man,  and  personnel  are  selected 
and  trained  on  this  basis.  However,  in  practice,  the  frequent 
occurrence  of  unpredictable  or  medium-probability  events  may 
often  require  decisions  and  actions  beyond  the  capabilities  of 
these  personnel,  resulting  in  lowered  morale. 

The  second  instance  [2)  above]  may  be  characterized  by  the 
situation  in  which  field  operating,  maintenance,  and  decision 
problems  are  adequately  anticipated  and  personnel  selected  and 
trained  to  handle  medium-  and  low -probability  events  (note  that 
this  almost  always  requires  a  detailed  knowledge  of  both  weapon 
system  and  use  factors).  Thus,  given  the  same  genera)  types 
of  equipment  design  as  described  in  1),  above,  these  personnel 
are  dissatisfied  with  "goon  meters"  and  bored  with  simple  moni¬ 
toring  tasks.  Motivation  can  be  expected  to  degrade  as  a  result. 

In  both  instances,  the  results  take  their  toll  in  distrust  of  equipment  and  "sloppy" 
procedures.  These,  in  turn,  result  in  increased  errors,  down  time,  and  spare 
parts  use  rate,  and  decreased  system  operability  and  availability.  In  both  in¬ 
stances,  system  design  concepts  which  recognize  these  use -determined  factors 
can  serve  to  eliminate  the  undesirable  results.  Subsystems  should  be  so  de¬ 
signed  that  personnel  are  kept  continually  involved  in  system  functions,  to  a 
level  consistent  with  their  capabilities. 

3.  5  Management  Policies  (Table  2-3  B) 

Operations  management  policies  include  the  command/control  structure 
and  existing  SOP  within  which  a  weapon  system  must  operate  and  the  intelligence, 
communications,  and  data  processing  milieu  which  determine  and  shape  its 
inputs.  Weapon  system  design  must  go  beyond  simply  inter  facing  with  the  appro¬ 
priate  equipments;  it  must  also  take  into  account  the  basic  nature  of  the  super¬ 
structure  in  which  it  will  operate. 

Maintenance  management  and/or  system  support  policies  include  the 
planning,  scheduling,  and  controlled  provision  of  spare  parts,  test  equipment, 
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technicians,  TO's,  field  modifications,  manufacturers'  tech  reps,  and  so  forth. 
Although  definitely  affected  by  equipment  desxgn(c.g.,  type  and  number  of  spares 
are  directly  influenced  by  modular  design  and  part  failure  rates),  maintenance 
and  support  management  policies  include  external  use  -  determined  factor#  to 
which  a  weapon  system  is  most  vulnerable.  The  organizational  aspects  of  wea¬ 
pon  system  checkout  and  maintenance  are  fairly  complex.  +  However,  it  is  clear 
that  decisions  concerning  the  employment  and  man-hour  utilization  of  manufac¬ 
turers'  tech  reps,  for  example,  will  have  consequences  in  the  areas  of  system 
down  time  and  checkout  effectiveness.  The  local  base  procurement  allowances 
for  spare  parts  and  test  equipment  will  have  similar  effects. 


Table  2-3  B 


Examples  of  Use -Determined  Factors 


Operation* 

management  POLICIES 

Maintenance 

Support 

Operating  Levels 

Maintenance  Level* 

Support  Level* 

Command /Control 

In-Flight 

Ship 

Spare  Part* 

Planning 

Operational 

Flight  Din* 

Tender 

Teat  Equipment 

7-ogi  sties 

Communication*  and 

DPS  Requirement* 

On-Line 

Depot 

Field  Mod* 

Failure  Reporting 

Other  Factor* 

Off-Line 

Factory 

Navy  Technician* 

Tech  Repe 

Overhaul* 

Other  Factor* 

Distribution  of  the  above  function*  among  distributed  system  element*  and  level* 
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In  the  other  direction,  the  ever-present  necessity  for  field  modification  to 
equipment  already  in  operational  use  must  be  taken  into  account  when  allocating 
functions  between  man  and  machine.  The  field  modification  (or  "SPALT")  prob¬ 
lem  for  the  FBM  system  was  an  important  factor  in  considering  two  alternative 
proposals  for  mechanizing  checkout  of  Launcher  and  Fire  Control  subsystem  mod¬ 
ules.  The  two  proposals  differed  in  that  one  used  a  punched  paper  tape  program 
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For  an  example  of  such  an  analysis,  see  Wohl,  J.  G.  ,  et  al(23) 
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and  was  largely  automated,  while  the  other  employed  a  punched  card  tech¬ 
nique  to  aid  the  operator  in  a  primarily  manual  situation.  Since  a  cannister 
of  tape  might  contain  test  programs  for  upwards  of  a  dozen  different  mod¬ 
ule  types,  the  normal  process  of  field  substitution  of  an  "improved  version" 
of  a  particular  module  type  would  require  that  an  entirely  new  tape  cannister 
accompany  the  arrival  in  the  field  of  each  newly  revised  module  type.  In  contrast, 
it  would  b>  a  relatively  simple  and  inexpensive  matter  to  package  an  appropriate 
punched  card  with  each  module  sent  to  the  field.  The  logistic,  accounting,  and 
program  updating  requirements  consequent  to  this  kind  of  decision  obviously 
would  be  quite  different  in  scope. 

Selection,  training,  and  ass  ignment  of  per sonnel  have  already  been  dis¬ 
cussed  with  respect  to  man-machine  mismatch  and  psychological  st  ress.  Suffice  it 
co  say  at  this  point  that  the  mi ‘■vtc.tch  can  just  as  well  result  from  inadequate  sys¬ 
tem  management  policies  as  from  inadequate  design, 

4  Man-Machine  Fa-  tors 

The  development  to  this  point  has  beer  concerned  with  the  way  in  which  sue 
cessive  constraints  become  applied  to  the  assignment  problem  dut  ing  the  weapon 
system  development  cycle  as  a  function  of  system  planning,  desigr,  and  opera¬ 
tional  employment  considerations,  thus  pi  ogre&siv  reducing  the  degrees  of 
freedom  available  for  function  assignment.  The  finar  set  of  factors  v/hicn  must 
be  considered  includes  the  capabilities  and  limitations  of  men  and  machines  rela¬ 
tive  to  the  activities  which  they  must  perform  in  various  Naval  tasks.  The  follow¬ 
ing  discussion  is,  therefore,  divided  into  four  parts: 

.  Human  task  trends  in  Naval  weapon  systems. 

.  Description  of  fundamental  man-machine  tasks  and  task  elements. 

.  Definition  of  man-machine  interface, 

.  Discussion  of  capabilities  and  limitations  of  man  and  machine. 

4.  1  Human  Task  Trends  in  Naval  Weapon  Systems 

More  often  than  not,  as  has  been  demonstrated,  the  general  design  re¬ 
quirements  of  the  system  will  suggest  the  number  and  location  of  personnel.  They 
will  not,  however,  suggest  how  personnel  can  be  utilized  most  effectively.  One 
general  trend  in  the  evolution  of  the  FBM  system  (and  other  complex  systems, 
for  that  matter)  should  be  noted  in  this  connection  and  its  implications  for  the 
role  of  human  operators  pointed  out:  Systems  are  movii’g  in  the  direction  of 
requiring  larger  and  larger  amounts  of  data  to  be  more  and  more  accurately 
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processed  in  increasingly  shorter  periods  of  time.  The  human  lias  rather 
severe  limitations  on  the  amount  of  information  ( 1)  to  which  he  can  respond,  and 
(2)  which  he  can  process  accurately  within  a  short  period  of  time.  Therefore, 
the  trend  has  been  to  increase  the  degree  of  automation  of  systems.  However, 
thic  trend  has  not  succeeded  in  removing  the  requirements  for  man  in  the  sys¬ 
tem,  but  has  merely  shifted  his  responsibilities  to  other  areas  (e.  g.  ,  perfor¬ 
mance  monitoring,  manual  backup,  complex  decision  making  in  unforeseen 
contingencies,  computer  programming,  etc.  ).  Also,  as  equipment  increases 
in  aut  jrnalicity ,  larger  numbers  of  mere  highly  skilled  maintenance  technicians 
are  usually  required,  thus  increasing  the  amount  of  attention  which  must  be 
given  to  the  design  of  equipment  for  maintainability. 

Some  of  these  trends  for  non-military  personnel  are  clearly  indicated 
in  Fig.  2-3,  which  shows  how  the  percent  distribution  of  the  total  U.  S.  civilian 
labor  force  has  changed  since  1900  among  five  broadly  defined  categories  of  hu¬ 
man  jobs: 


,  Managerial 


Semi-skilled 


.  Highly- skilled 


Unskilled 


Agricultural 


,  Highly  5kllUd 


1900  >10  1920  1930  1940  1950  I960  1970  19S0 


Fig.  2-3,  The  changing  composition  of  U.  S.  civilian  labor 
force:  1900-1975  (Source:  Economic  Almanac, 
1962;  based  upon  I960  census  data) 
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If  we  can  assume  that  the  actual  labor  force  distribution  is  closely  related  to  industry 
needs,  then  Fig.  2-3,  which  is  based  on  census  data,  indicates  that  the  need 
for  agricultural  workers  has  declined  markedly  since  1900;  that  the  need  for  un¬ 
skilled  labor  has  undergone  a  gradual  decline;  and  that  the  need  for  semi-ckilled 
labor  has  gradually  increased.  Most  important,  however,  is  the  fact  that  Fig. 
2-3  shows  a  rapidly  growing  need  for  highly  skilled  personnel  and  a  steadily 
rising  need  for  managerial  skills. 

The  drastic  reduction  in  need  for  agricultural  workers,  of  course,  maybe 
traced  directly  to  the  results  of  automation,  as  may  the  reduction  in  need  for  un¬ 
skilled  labor.  On  the  other  hand,  the  rapidly  increasing  requirements  for  highly 
skilled  labor  may  also  be  traced  largely  to  automation;  for  to  the  extent  that  auto¬ 
mation  in  an  industrial  ''system1'  eliminates  unskilled  labor  requirements,  it 
upgrades  the  skill  requirements  for  the  personnel  remaining  in  the  system. 

The  same  general  trends  must  operate  within  military  weapon  system 
development.  In-fact,  it  is  likely  that  military  weapon  systems  lead  the  trends 
indicated  in  Fig.  2-3  by  8  or  10  years.  For  example,  during  World  War  II, 
ammunition  handling  was  automated  in  several  of  the  shore  bombardment  and 
anti-aircraft  gunnery  systems  used  on  board  heavy  ships.  This  eliminated  the 
need  for  certain  classes  of  unskilled  and  semi-skilled  labor.  Toward  the  war's 
end,  gun  fire  control  computations  were  automated  (e.  g.  ,  the  MK-I  computer), 
eliminating  the  need  for  certain  semi-skilled  and  highly  skilled  gun  laying  acti¬ 
vities.  The  development,  during  the  same  period,  of  automatic  radar  tracking  for 
gun  fire  control  systems  resulted  in  elimination  of  the  highly  skilled  tasks  of  op¬ 
tical  tracking  and  range  finding.  Finally,  we  have  only  to  look  at  the  few  hundred 
square  feet  of  combat  information  center  on  the  heavier  World  War  II  ships  and 
compare  it  with  the  thousands  of  square  feet  of  command  and  control  space  on 
the  Enterprise  to  see  what  is  happening  to  certain  high-skill  and  managerial  func¬ 
tions  in  modern  Naval  weapon  systems. 

The  FBM  system  is  an  excellent  example  of  the  result  of  these  trends.  An¬ 
alysis  of  the  crew  duties  and  ratings  indicates  that  approximately  15%  are  mana¬ 
gerial  decision  makers,  nearly  half  perform  highly  skilled  operating  and  main¬ 
tenance  activities,  about  one-fourth  perform  various  semi-skilled  dutieB,  and 
the  remaining  10%  are  unskilled  {mess  personnel  and  non-rated  personnel). 

This  section  requires  some  care  in  its  application,  Most  of  the  information 
on  the  utilization  of  man  is  often  applicable  only  to  gross  categories  of  functions. 
For  some  functions  there  is  no  problem  in  assignment;  they  can  clearly  be  per¬ 
formed  more  effectively  by  man  or  by  machine,  but  not  by  both  --  at  least  at  a 
given  stage  of  technological  development.  But  for  many  functions,  there  is  con¬ 
siderable  overlap;  and  the  decision  to  use  man  is  contingent  on  considerations 
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specific  to  the  particular  system,  including  the  stage  of  development.  The  fol¬ 
lowing  paradigm  indicates  hew  this  situation  will  change  with  time.  Areas  A 
and  B  indicate,  respectively,  the  sets  of  Naval  tasks  which  can  be  performed  by 
man  and  machine,  while  the  overlap.  Area  C,  represents  those  tasks  which  can 
be  performed  by  either  man  or  machine. 


Man  Machine 


As  state  of  the  art  (Area  B)  progresses  and  machines  become  increasingly  cap¬ 
able  of  performing  human  activities,  the  overlap  (Area  C)  will  increase  and  the 
distribution  of  skills  in  Area  A  will  change  in  accordance  with  trends  shown  in 
Figure  2-3. 

Hence,  because  of  this  continual  change,  only  general  guidance  can  be  pro¬ 
vided,  along  with  some  of  the  considerations  involved  in  making  decisions  about 
utilization  of  personnel.  This  guidance  cannot  replace  the  judgment  wnich  must 
be  exercised  by  systems  and  human  factors  engineers  working  together  as  a 
team  to  develop  and  evaluate  alternative  system  design  concepts.  However,  one 
over-riding  consideration  should  be  borne  in  mind:  A  well-integrated  man- 
machine  design  can  achieve  far  more  than  either  man  or  machine  alone. 
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4.  2  Fundamental  Man-Machine  Tasks  and  Task  Elements 

For  convenience,  we  have  grouped  the  various  types  of  Naval  functions 
which  an  be  performed  by  man  and/or  machine  into  several  categories: 

.  Decision  tasks 

.  Operating  tasks 

Checkout,  maintenance,  and  damage  control  tasks 
.  Administrative  and  clerical  tasks. 

This  classification  scheme  is  carried  further  in  Table  2-4,  which  identifies 
basic  task  types  within  each  of  the^e  categories  and  the  human  skill  require¬ 
ments  if  performed  by  man. 


Table  2-4 


Task  C 4. ••gory 

Skill  Requirements 

If  Dons  by  Maa 

Dk.iIds  Tilkl 

.  Operation*?  Decisions 

semi-  or  highly  skilled 

.  Tactical  Decisions 

highly  skilled 

.  Strategic  Decisions 

highly  skilled 

.  Policy  Decisions 

highly  skilled 

Oft  rf  ng  Tasks 

.  Mat*  rials  Handling  nu  Procss  slag 

low  or  ssmi- skilled 

.  Continuous  Control 

highly  skll'-d 

P-  r Iodic .  or  Oiscrste,  Control 

esmi-  or  highly  skilled 

.  Monitorial 

semi-  or  highly  skilled 

.  Data  Processing  sad  Computation 

semi-  or  highly  skilled 

.  Cormru.ni  cation 

semi -ski  Usd 

Checkout,  Maintenance.  rod  Denials  Control  Tarks 

.  Pr  -»«ntiv*  nfainteuanc* 

semi-skilled 

.  Test  and  Checkout 

highly  skillet 

.  Diagnosis 

highly  skUled 

.  Fault  Isolation 

highly  shilled 

.  Rfduri,  Replace  or  Repair 

semi-  or  highly  skilled 

Administrative  and  Clerical  Tasks 

.  Planning 

highly  skilled 

.  Sckedulini 

highly  skUlsd 

•  eml-akiUed 
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Regardless  of  the  classification  scheme  employed,  however,  it  must 
be  recognized  that  there  exist  basic  task  elements  which  are  common  to  every 
task,  whether  performed  by  man  or  machine  or  by  both  together.  The  three 
basic  functional  "building  blocks"  of  which  any  set  of  system  tasks  or  activi¬ 
ties, is  composed  are  simply: 

.  Sensing 

.  Processing 

.  Actuating 

These  building  blocks,  or  task  elements,  are  summarized  in  Figs.  2-4A  and  B, 
which  also  indicate  the  functional  components  of  which  they  are  composed.  Figs. 
2-4  A  and  B  emphasize  the  similarities  between  man  and  machine;  in  the  follow¬ 
ing  discussion,  important  differences  will  also  be  noted.  (For  discussion  of 
"decision  making"  vs.  "processing,  "  see  footnote  on  pg.  38.  ) 

These  functions  admittedly  are  an  oversimplification  of  complex  sys¬ 
tem  functions,  be  they  man  or  machine;  nonetheless,  they  will  be  useful  as  back¬ 
ground  to  the  guidelines  on  assignment  of  functions.  Some  qualifications  should 
be  added  at  this  point;  any  complex  system  involves  many  combinations  and  re¬ 
plications  of  these  basic  functions.  Also,  man  and  machine  functions  are  not 
completely  analogous,  nor  can  one  be  completely  substituted  for  the  other  --at 
least  at  the  present  state  of  technological  development.  This  is  demonstrated  in 
Table  2-.r>,  which  describes  various  possible  levels  of  automation  in  both  mecli- 
anlst'canu  humanistic,  terms.  The  areas  of  non-correspondence  are  quite  evident. 
Finally,  it  should  be  noted  that  the  terms  "equipment"  and  "personnel"  are  used 
differently  to  distinguish  between  two  major  types  of  components  of  complex  semi¬ 
automatic  or  automatic  hardware  systems.  Obviously,  any  item  or  greup  of 
hardware  which  can  perform  more  than  one  function  and  which  is  designed  to  ac¬ 
complish  some  common  objective  can  be  referred  to  as  a  system.  The  same  can 
also  be  said  of  man,  since  he  is  sufficiently  complex  to  be  referred  to  as  a  sys¬ 
tem  and  as  being  composed  of  many  subsystems.  As  yet,  no  complex  equipment 
system  exists  which  is  fully  automatic;  that  is,  no  complex  equipment  system 
is  completely  independent  of  man  in  all  phases  of  its  operation  and  maintenance. 

The  man/machine  functions  of  sensing,  processing,  and  actuating  to¬ 
gether  with  their  interrelationships,  will  next  be  discussed  in  detail. 
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Table  2-b 

Analog  Between  Personnel  and  Equipment  Functions  * 


Lavel  of  CHARACTERISTICS 

Functioning  Ee^lpr  .ent  Personnel 


V«reonn«it 

liVVti)  y* 

T  ancticning 


Personnel 

CapabiliUm 

Involved 


2«ro 

Order 


Mm 

Order 


lecorid 

Order 


Third 
Ox  ier 


Fourth 

Order 


Fifth 

Order 


Toole  •  applied  to 
m*4.  to  »  .  '  .  use 
his  efficiency  but 
i.ot  to  substitute 
for  human  func¬ 
tion  {<*,  q;. ,  hammer, 
-cm  '>i,'«r,  knife, 

p*4«r»). 

11  human  energy 
and  c  ontrol  ex- 
jf.-v. ^ded  &&  required. 

Physical  strength 
and  characteris¬ 
tics  /»  g.,  strength, 
endurance,  etc.  ). 

.  Hui.ais  force 
e  .penditius 

.  Human  size 
(physical) 

.  Human  re¬ 
sponse  to  en¬ 
vironmental 
conditions 

,t  r-  ->wer 
compieio:  >ita  hu¬ 
man  energy,  re 
places  much  of  the 
? . ■’ man  work  energy, 
i  ut  rer,Ui,re^  control 
and  direction  by  an 
open  *or. 

Human  en 
used  to  control, 
direct,  and  apply 
•oi  e  type  of 
powe.  ,'d 
equipmen.. 

$tv..wori -motor 
capability  s. 

.  .Sens or i -motor 
capabilities 

.  action  time 
(hiut  la^s) 

-Speed  of  man¬ 
ipulation 

-Positioning 
sSr.ilJ  s  aptitude 

Equipment  pov,v:r 
replaces  human 
energy  hut  re  - 
quire t  opens) or 
set-up  and  start 
rjid  stop  control. 

-lumen  energy 
^•ed  to  start  and 
stop  n4.  s"t  up 
machine  wu  v. 

S-»w»ori -motor 
captitilit^i. 

.  Control  •  display 
dytuuri.c  « 

-T  » eking  fce- 
ha  '^r  (pursuit 
and  * 

tion) 

-Aided  tracking 

-Cults'  olng 

■  Aeing 

Equipment  cycling 
or  sequencing  is 
s.'li -ordered  but 
not  self-c  rrecte  1 
{open  loop). 

Hum sn  controls  of 
machine  cycles 
required. 

Sens  or  i -mot  or 
capabilities 

£quipmert  cycling 
and  sequencing  i« 
self-ordered  and 
self-  corrected 
tclose'  loop) 

Human  monitors 
rr>~  chine  perform¬ 
ance. 

.  Vigilance 

.  Psycho- physical 
coding,  etc. 

.  Stimuli 

Machine  perform¬ 
ance  is  based  upon 
automatic,  solution 
of  control  equation  i. 

Performs  calcu¬ 
lations  often  with 
elaborate  language, 
symbology 

Mental  functions 

.  Memory 

.  Learning 

.  Intelligence 

.  Intellectual  ha¬ 
bit  patterne 


After  George  and  Amber(9) 


'tol'lXtommm*. - 
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Table  2-5  (cont'd) 


P«rw  ornel 

Personnel 

Laval  of 

CHARACTERISTICS 

Level  of 

Capabilities 

Functioning 

Equipment 

Personnel 

Functioning 

Involved 

Sixth 

Machine  perform- 

Obeys  complex 

Hypothetico- 

.Concept  forma- 

Order 

ance  it  baaed  upon 

logic,  reasons  by 

deductive 

tion 

automatic  solution 

inductive  logic 

reasoning 

of  control  and  con- 

synthesis  and 

tingency  equations. 

processing 

.  Communications 

.  Language  and 
vocabulary 

Seventh 

Performance  ia  a 

Performance 

Learning 

.  Complex  learning 

Order 

function  of  expert- 

changes  as  a 

function  of 

.  Learning  as  a  di- 

present  taak  and 
with  a  history  of 

learning. 

rected  process  uf 
change  (motiva- 

similar  experien¬ 
ces  (which,  pre- 

crises,  etc.  ) 

oumably,  are 
stored  in  memory). 

In  this  case,  equip- 

.  Attitudes 

.  Training  for  de- 

tnent  avoids  past 

sired  perform- 

mistakes,  attempts 

ance 

different  forms  of 

-  Motor 

operation,  and  im¬ 
proves.  Examples 

-Concept 

of  experimental 
equipment  in  this 

,  Age  differences 

level  are  the  "Per- 

.  individual 

ceptron"  and  the 

differences 

“Cybertrou.  " 

.  Conditioning 

Eighth 

Equipment  extrapo- 

Obeys  complex 

Inductive 

.  Imagination 

Order 

late  a  from  its  ex- 

logic,  utilises  in- 

reasoning 

.  Creativity 

perience  to  modes 

tuition  mnd  judg- 

of  operation  beyond 

ment,  reasons  by 

.  Group  dynamics 

actual  experience, 
resembling  intuitive 
and  judgment 
activities. 

deductive  logic. 

(leadership) 

Ninth 

Equipment  develops 

Creates,  originates 

Imagination,  chan- 

.  Motivation  and 

Order 

original  creative 

neled  emotion 

morale  value 

concept  and  can 
work  beyond  its 
programming.  No 
machine  of  this 
type  now  exists  and 
there  probably  would 
be  little  agreement 
on  what  constitutes 
creativity  in  the 
mechanical  -elec¬ 
trical  sense. 

structures 

Tenth 

Equipment  relates 

Personnel  relate 

Interpersonal 

.  Social  behavior 

Order 

socially  with  other 

socially  with  one 

relations  and 

.  Group  dynamics 

equipment  and  with 

another  and  are 

social  living 

personnel.  Equip- 

capable  of  various 

ment  is  capable  of 

roles  (dominant, 

dim  inant  interac- 

submissive,  etc.) 

tive  behavior. 

at  various  times. 
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Fig.  2 -4 A.  Generalized  functions  of  equipment 
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Fig.  2-4  B.  Generalized  behavioral  functions  of  personnel 
(single  person) 
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4.  2.  1  Sensing 

The  sensing  function  consists  of  the  detection  of  some  physical  en¬ 
ergy  (information  or  signalc)  originating  within  the  environment  of  a  system. 
These  signals  may  originate  external  to  the  system,  as  in  radar  or  sonar  returns 
or  as  in  the  human  senses  of  vision,  hearing,  smell,  etc.  They  may  also  be 
developed  internal  to  the  equipment,  as  in  the  result  of  switch  closures  in  equip¬ 
ment  or  the  kinesthetic  sense  in  man.  In  either  case,  specific  sensors  are  re¬ 
quired  to  receive  these  signals  as  inputs  to  the  system.  The  sensing  function 
is  often  coupled  with  transducing,  converting,  filtering,  or  amplifying  functions. 
Equipment  examples  abound,  as  in  the  transformation  of  a  mechanical  signal  to 
an  electrical  signal,  analog  to  digital  conversion,  selection  of  some  portion  or 
all  of  a  signal  for  amplification,  or  screening  out  some  undesired  portion  of  a 
signal  component,  e.  g.  ,  noise. 

An  important  characteristic  associated  with  human  senses  is  the 
phenomenon  of  attention.  Although  the  human  being  is  constantly  receiving  sen¬ 
sations  from  many  sources,  he  is  able  to  select  and  concentrate  on  only  those 
which  are  of  importance  to  him,  much  as  equipment  sensors  are  able  to  filter 
out  various  unwanted  signals  or  noise  or  to  select  desired  signals.  In  addition 
to  attention,  the  reception  of  stimuli  is  influenced  by  a  man's  physical  condition 
(i.  e.  ,  health,  fatigue)  as  well  as  by  the  range  of  sensitivity  of  the  receptors. 

The  phenomenon  of  attention  is  closely  related  to  the  concept  of 
perception.  Human  reception  of  signals  would  be  meaningless  without  some  ba¬ 
sis  for  their  interpretation.  This  interpretation  becomes  possible  as  a  result  of 
experience  or  learning.  For  example,  the  onset  of  a  red  light  may  be  interpreted 
through  learning  as  an  emergency  condition  which,  in  turn,  becomes  associated 
with  certain  responses.  Ability  to  associate  through  learning  takes  another  form, 
too;  for  example,  the  red  light  may  often  occur  simultaneously  with  a  siren.  La¬ 
ter  the  presence  of  the  siren  alone  may  cause  a  recollection  of  the  red  light  and 
trigger  the  "red  light"  responses,  whether  desirable  or  not.  This  association 
demonstrates  another  characteristic  of  human  perception,  that  of  the  symbolic 
processes  associated  with  it.  Through  man's  ability  to  abstract  significant  de¬ 
tails  of  complex  inputs  and  to  remember  them,  he  is  able  to  apply  his  experience 
to  other  situations;  i.  e.  ,  he  is  able  to  learn.  Unlike  equipment,  perception  in 
man  is  also  influenced  by  emotional  processes.  For  example,  the  performance 
of  a  particular  task  may  be  enhanced  or  degraded  depending  on  the  pleasant  or 
unpleasant  memories  associated  with  it. 

Thus,  the  function  of  perception  in  human  beings  is  somewhat  simi¬ 
lar  to  those  of  transducing,  filtering,  and  amplification  in  hardware  systems. 
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4.2.2  Processing 

After  the  information  has  been  transformed  into  inputs  suitable  for 
use  in  a  system,  it  is  processed  to  produce  appropriate  outputs.  The  informa¬ 
tion  processing  function  may  involve  any  or  all  of  the  following  subfunctions:  (1) 
measuring  (estimating)  and  comparing  external  signals  against  each  other  or 
some  stored  standard  of  comparison;  (2)  integration  of  various  signals  with  each 
other  and  with  various  alternative  available  actions;  and  (3)  storage  of  some  or 
all  of  the  information,  to  be  acted  upon  later.  Transducing,  converting,  ampli¬ 
fying,  and  filtering  again  may  be  involved.  Information  processing  in  equipment 
may  be  performed  according  to  pre-established  fixed  programs  or  may  be  under 
the  control  of  a  human  operator.  Often  the  rate  at  which  information  is  received 
or  can  be  processed  is  too  great  for  the  information  to  be  acted  upon  Immediately, 
or  it  may  be  unnecessary  to  act  upon  the  information  at  the  time  of  reception.  In 
these  cases,  data  may  be  stored  cither  temporarily  or  permanently,  depending 
on  the  requirements  for  their  utilization.  In  equipment  memory  there  may  also 
exist  programs  which  provide  instructions  for  processing  the  information. 

Mart  is  able  to  process  information  based  on  his  perception  of  the 
signals  which  he  receives  and  upon  stored  information.  This  integration  of  ex¬ 
ternal  and  internal  information  as  the  basis  for  identification  or  selection  of 
appropriate  courses  of  action  is  often  called  decisionmaking.  Although  decision¬ 
making  tasks  reflect  an  emphasis  on  only  certain  aspects  of  human  information 
processing  capabilities,  they  have  become  a  focal  paint  for  discussing  man's 
processing  capabilities.  1  The  processes  which  support  the  decision-making 


+  To  many,  the  general  concept  of  "decision  making"  entails  a  necessary  ingredi¬ 
ent  of  mystery,  i.  e.  ,  the  choosing  of  one  among  two  or  more  alternatives  nec¬ 
essarily  requires  that  the  chooser  does  not  have  complete  information  at  hand. 
As  an  example,  we  talk  of  a  submarine  skipper  having  to  make  a  complex  deci¬ 
sion.  He  must  make  his  choice  based  on  a  number  of  elements  to  which  he  must 
assign  a  variety  of  differential  weightings.  Either  the  weightings  and/or  the 
population  of  elements  is  incompletely  known  to  him.  In  addition,  he  may  not 
know  the  proper  model  or  series  of  manipulations  to  use  in  order  to  make  the 
best  choice.  This  is  a  prevalent  conception  of  "decision.  "  The  man  does  not 
have  all  the  necessary  information  and/or  knowledge,  yet  ho  must  make  his 
choice  now.  He  says,  "I  can't  wait  to  learn  that;  I’ll  have  to  make  a  decision.  " 
The  corollary  to  this  conception  is  that  if  the  man  does  have  all  the  required 
knowledge  and  information,  then  the  logical  choice  becomes  self-evident?  and 
there  is  really  no  decision  involved.  This  popular  conception  of  decision  mak¬ 
ing  is  refuted  herein.  The  term  n3ecision"  is  utilized  in  this  volume  as  a  de¬ 
scriptive  noun  for  an  activity  which  can  be  performed  by  man  or  machine  which 
may  or  may  not  involve  sensing  and  actuating,  and  which  always  involves  pro¬ 
cessing.  The  term  as  used  herein  describes  the  process  of  selection  from  among 
alternative  courses  of  action;  alternatively,  it  describes  tie  process  of  "map¬ 
ping"  input  sets  upon  output  sets.  Thus,  it  is  correct  to  tall:  about  "having  made 
a  decision"  (past  tense);  but  when  a  man  "is  deciding"  (present  tense),  he  is 
processing. 
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capabilities  of  man  include  abilities  for  qualitative  estimations,  comparisons, 
judgment,  transformation,  coding  and  decoding,  inductive  and  deductive  reason¬ 
ing,  abstraction  and  conceptualization,  memorization  and  recall,  and  predic¬ 
tion.  The  result  of  these  capabilities  is  to  make  man  much  more  flexible  ao  a 
data  processor  than  machines  --  at.  least  with  the  present  stage  of  technological 
development.  Through  appropriate  training,  man  is  able  to  deal  with  changing 
situations  and  unforeseen  problems  in  the  absence  of  a  specific  program.  Un¬ 
like  a  computer,  man  can  continuously  develop  and  modify  his  own  programming. 

In  other  words,  he  caji  learn.  Closely  associated  with  man's  decision-making 
function  is  his  memory  or  storage  capability.  Memory  is  the  retention  of  what 
is  learned  and.  conversely,  forgetting  is  the  failure  to  retain  what  is  learned. 
Without  memory,  at  least  in  the  biological  sense,  there  could  be  n. ■  learning; 
each  occurrence  of  a  signal  wculd  elicit,  the  same  response  as  before  and  there 
would  be  no  modification  or  reprogramming  of  behavior.  The  capability  of  man 
to  remember  and  to  modify  his  behavior  through  learning  accounts  for  much  of 
his  flexibility  as  a  programmer  of  computers.  Much  of  what  is  remembered  and 
tlie  ability  to  manipulate  and  combine  this  information  (thinking  and  reasoning)  is 
the  result  of  man's  symbolic  processing  capability.  What  is  retained  is  in  the 
form  of  words,  numbers,  or  images  which  represent  abstractions  or  symboliza¬ 
tions  of  what  is  learned.  This  capability  for  abstraction  and  conversion  to  sym¬ 
bols  of  large  amounts  of  information  accounts  for  much  of  man's  superiority 
over  machines  in  decision  making. 

4.  2 .  3  Actuating 

Once  a  desired  action  has  been  identified  or  selected  as  a  result  of 
information  processing  or  decision  making,  it  is  necessary  to  implement  this  ac¬ 
tion.  This  may  involve  the  function  of  regulation  such  as  controlling  the  rate  and 
time  at  which  the  action  is  performed  (e.  g.  ,  the  duration  of  the  ballasting  oper¬ 
ation  in  diving  the  submarine,  or  control  of  the  speed  of  the  submarine).  Other 
discrete  forms  of  control  may  be  invol  ved  (e.  g.  ,  the  selection  of  "Channel  1"  vs. 
"Channel  2"  in  the  Fire  Control  Subsystem,  or  the  transmission  of  information  to 
the  missile  guidance  capsules  at  an  appropriate  time  in  the  firing  sequence).  Regu¬ 
lation  in  man  involves  the  organization  or  patterning  of  his  responses  so  that  they 
will  occur  at  the  proper  time,  in  the  proper  sequence,  or  in  the  proper  combi¬ 
nations.  For  example,  when  learning  to  perform  a  procedure,  an  operator  must 
refer  to  manuals  or  otherwise  seek  guidance  to  learn  how  to  perform  the  proced¬ 
ure.  Eventually,  these  responses  become  sufficiently  learned  that  the  procedure 
is  performed  rapidly  and  accurately  as  a  perfected  and  completely  organized  skill 
without  any  external  supports.  As  skills  arc;  mastered,  they  are  performed  more 
and  more  automatically  and  involve  less  conscious  effort  or  thought  on  the  part 
of  the  individual.  This  is  particularly  evident  in  tire  learning  of  sequential  re¬ 
sponses,  an  in  keyset  operation,  or  continuous  responses,  as  in  steering  or  track¬ 
ing.  For  the  learning  of  complex  kno«. ledge c  ,  as  might  be  required  for  high-level 
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decision-making  tasks,  a  similar  organization  of  responses  may  take  place  if 
similar  situations  occur  often  enough;  otherwise,  man  may  exhibit  considerable 
variability  and  disorganization  in  his  behavior. 

Also  related  to  the  regulation  function  in  systems  is  the  concept  of 
feedback.  Many  semi-automatic  or  automatic  devices  or  systems  have  one  or 
more  sensing  or  monitoring  circuits  which  feed  uack  information  on  the  opera¬ 
tion  of  the  system  to  provide  a  basis  for  regulation  and  further  action.  Such  feed¬ 
back  loops  are  the  distinguishing  feature  of  closed-loop  systems  as  opposed  to 
open-loop  systems.  In  many  sy3tems  a  human  operator  or  monitor  is  depended 
upon  to  close  the  loop.  Responses  within  the  human  himself,  as  with  closed-loop 
hardware  systems,  exhibit  feedback  characteristics.  This  is  generally  referred 
to  as  knowledge  of  results  and  may  be  of  two  general  types:  internal,  resulting 
from  sensations  associated  with  bodily  movements  or  the  higher  mental  proces¬ 
ses,  as  might  occur  in  the  mental  solving  of  some  problem;  and  external,  result¬ 
ing  from  seeing  or  hearing  the  lesults  of  his  responses  such  as  the  change  in 
position  of  a  control,  change  in  the  status  of  an  instrument,  or  change  in  position 
of  a  vehicle. 


Finally,  to  achieve  the  output  --  whether  it  is  information,  materi¬ 
als,  or  control  of  other  equipment  --  all  systems  have  one  or  more  actuation 
functions.  These  require  a  supply  of  requisite  energy  in  a  form  necessary  to 
achieve  the  output.  In  man,  this  final  phase  of  the  behavior  process  is  the  evo¬ 
cation  of  some  muscle  response,  either  verbal  as  a  command,  or  as  a  motor 
response  such  as  the  movement  of  the  arm  and  hand  to  activate  a  control  or  the 
movement  of  the  eyes  to  view  some  display.  Glandular  responses  also  occur 
but  ordinarily  are  of  less  importance  from  a  design  standpoint;  however,  they  do 
affect  the  level  and  type  of  activity  of  the  individual  as  well  as  his  comfort. 

Two  other  categories  of  functioning  peculiar  to  humans  should  be 
mentioned,  those  of  drive  and  motivation.  Drives  include  such  factor  s  as  hunger 
and  thirst  and  are  related  to  the  physiological  requirements  of  the  human  or¬ 
ganism.  Motives  are  requirements  which  arise  out  of  the  individual's  learning 
experiences,  primarily  those  involving  interaction  with  other  people.  Both 
drives  anu  motives  function  as  energizers  of  human  behavior  and  as  such  are 
somewhat  analogous  to  the  power  required  by  hardware  systems  for  activation 
(see  Figs.  2 -4  A  and  B). 

4.  1  The  Man-Machine  Interface 


Since  the  concern  in  this  volume  is  with  complex  subsystems  of  the  FBM 
Weapon  System  in  which  many  personnel  and  equipments  are  involved,  it  is  im¬ 
portant  to  describe  the  interactions  between  men  and  machines,  particularly  as 
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Fig.  2-5.  Man-machine  system 

From  Fig.  2-5  it  is  evident  that  the  machine  can  receive  inputs  from 
the  environment,  from  other  equipments,  from  feedback  within  itself  or  from  the 
man  through  the  control  link  or  interface.  Man  can  receive  inputs  from  other 
personnel,  from  the  physical  environment,  from  the  equipment  itself  through 
displays,  or,  in  some  instances,  from  the  actual  outputs  of  the  equipment  it¬ 
self  (e.  g.  ,  ship  motion). 

Fig.  2-5  suggests  that  processing  can  take  place  within  the  equipment 
or  between  the  equipment,  and  man  through  the  links  provided  by  displays  and  con¬ 
trols.  However,  simpler  situations  occur  where  man  may  do  all  of  the  process¬ 
ing;  or,  if  tile  equipment  is  as  simple  as  an  instrument,  man  can  perlorm  all  of 
the  processing  and  actuation;  or  if  it  is  a  hand  tool,  man  will  provide  the  sensing 
and  processing  and  part  of  the  actuation. 
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Fig.  2-f>  indicates  that  a  machine  may  respond  by  providing  outputs  to 
control  other  equipments  (some  may  even  control  man);  exert  some  control  on 
itself  such  as  movement,  or  provide  outputs  in  the  form  of  materials  or  pro¬ 
ducts,  such  as  the  print-outs  provided  by  line  printers.  Similarly,  human 
outputs  in  response  to  input  data  may  be  used  to  control  other  equipment  or 
other  personnel,  depending  on  the  information  received,  the  equipment  dis¬ 
plays,  the  environment,  or  feedback  from  the  outputs  of  the  equipment. 

The  simple  one-man/one-machine  relationships  described  above  repre¬ 
sent  only  part  of  the  problem  of  designing  equipment  for  human  use.  The  major 
part  of  the  problem  is  the  multiple-man/multiple-machine  case  where  there 
are  many  equipments  performing  different  or  sometimes  redundant,  functions 
and  many  men  each  also  responsible  for  different  functions.  The  problem  is 
the  consideration  of  the  possible  functional  relationships  among  personnel  and 
between  the  men  and  machines  in  addition  to  the  functions  to  be  performed.  In 
short,  an  entire  assemblage  of  components,  man  and  machine,  must  be  consid¬ 
ered  before  even  preliminary  decisions  can  be  made  about  the  assignment  of 
functions  and  the  control-display  {i.  e.  ,  man-machine  interface)  characteristics 
which  will  be  required  for  the  personnel  to  perform  their  functions  effectively. 

4.  4  Capabilities  and  Limitations  of  Man  and  Machine 

Table  2-6  summarizes  the  relative  advantages  of  men  and  machines 
with  respect  to  the  basic  task  elements  just  discussed.  Since  this  represents 
the  final  set  of  factors  to  be  considered  in  weapon  system  development  and 
man-machine  function  assignment,  it  will  be  expanded  upon  in  some  detail 
below. 

Following  is  a  series  of  general  principles  taken  primarily  from  dis¬ 
cussions  by  Swain  and  Wohl(24)  after  Fitts(6),  together  with  some  additions 
and  comments  pertinent  to  the  assignment  problem  in  general. 

4.  4.  1  Characteristics  Tending  to  Favor 

Humans  over  Machines 


4.  4.  1.  1 


Ability  to  Detect  Certain  Forms  cf  Stimuli 


The  ability  to  detect  certain  stimuli  (e.  g.  ,  smell,  taste), 
especially  stimuli  which  are  not  readily  sensed  inorganically,  is  one  of  man's 
characteristics. 


4.  4.  1.  2 


Sensitivity  to 'a  Wide  Variety  of  Stimuli 


Man  is  sensitive  to  a  wide  variety  of  stimuli  through  the  use  of 
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the  organs  of  sight,  hearing,  smell,  touch,  temperature,  pain,  taste,  balance, 
and  muscle  sense  (kinesthesia).  All  of  these  sensory  abilities  are  used  in  oper¬ 
ating  and/or  maintaining  equipment,  though  obviously  some  are  used  much  more 
than  others.  In  spite  of  this  wide  variety  in  sensitivity,  the  precision 
of  sensitivity  in  any  one  mode  is  quite  restricted  compared  to  machine  "sensing 
ability.  " 


Table  2-6 

Summary  of  Significant  Man-Machine  Factors 


Advantage*  of  Human* 

Task  Element 

Advantages  of  Machines 

Detect  low  levels  of  energy 

S 

Sensitivity  to  stimuli  outside 

E 

of  man's  ability 

Sensitivity  to  a  wide  variety 

N 

of  stimuli 

S 

Insensitivity  to  extraneous 

1 

factors 

Perceive  patterns  and  general- 

N 

iae  from  them 

G 

Monitoring  of  other  machines 

or  men 

Detect  signals  in  a  high  noise 

environment 

Store  and  recall  large  amounts 

P 

Respond  quickly  to  control 

of  information 

R 

signals 

O 

Exercise  judgment 

C 

Store  and  recall  large  amounts 

E 

of  data  for  short  periods 

Improvise  and  adopt  flexible 

S 

procedures 

S 

Computing  abulty 

Handle  low -probability  events 

N 

Handling  of  highly  complex 

G 

parallel  operations 

Arrive  at  new  and  different 

solutions  to  t-roblems 

Deductive  logical  ability 

Profit  from  experience 

Track  under  a  wide  variety  of 

situations 

Perform  when  overloaded 

Reason  inductively 

Perform  fine  manipulations 

A 

Perform  routine,  repetitive, 

C 

precise  tasks 

T 

U 

Exert  large  amounts  of  force 

A 

smoothly  and  precisely 

T 

1 

N 

G 
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4.  4.  1  J  Ability  to  Perceive  Patterns  and  Generalize 

About  Them 


Man  has  this  ability,  even  though  the  patterns  may  change  in 
size  or  position  or  may  be  partly  masked  by  noise.  However,  this  ability  (per¬ 
ceptual  constancy)  as  it  applies  to  certain  types  of  activities  is  often  difficult  to 
learn.  Interpretation  by  human  .perators  of  patterns  of  lights  sometimes  re¬ 
quired  by  certain  compiler  piograms  may  be  extremely  difficult  to  learn.  Wave¬ 
form  analysis  is  considered  by  most  maintenance  technicians  to  be  the  single 
most  difficult  perception  required  in  test  and  checkout,  and  differences  of  opinion 
often  exist  between  technicians  in  interpreting  waveforms.  Therefore,  it  is  or- 
dinarly  advisable  to  search  for  ways  to  avoid  waveform  or  light  pattern  analysis, 
especially  where  relatively  low- skilled  personnel  may  be  employed.  However, 
if  data  can  be  encoded  and  displayed  in  such  a  way  that  the  personnel  can  use 
their  perceptual  capability  to  the  maximum  (i.  e.  ,  if  adequate  "pictorial"  or  fa¬ 
miliar  "patterned"  displays  are  used),  then  they  will  be  very  good  at  sizing  up 
complex  situations  quickly. 

4.  4.  1.4  Ability  to  Detect  Signals  (including  patterns) 

in  High  Noise  Environments 

This  ability  is  related  mainly  to  the  use  of  various  types  of  op¬ 
erational  cathode  ray  tube  displays  and  to  reception  of  auditory  signals.  One 
shortcoming  to  this  human  ability  is  the  human  tendency  to  fill  in  gaps  in  the  dis¬ 
played  information  on  the  basis  of  expectancies.  When  these  expectancies  are  not 
valid,  the  human  operator  or  technician  may  see  something  that  is  noi  there  or 
may  miss  out-of-tolerance  indications  not  in  line  with  his  erroneous  expectancy. 
This  human  limitation  applies  mostly  to  monitoring  tasks,  somewhat  less  to  rou  ¬ 
tine  operating  and  maintenance  tasks,  and  least  to  trouble  location  tasks  where 
the  man  knows  something  is  wrong  and  is  searching  for  out- of- tolerance  indica¬ 
tions. 

4.  4.  1.5  Ability  to  Store  Large  Amounts  of  Information  far 

Long  Periods  and  to  Remember  Relevant  Facts  at 
the  Appropriate  Time 

This  ability  is  related  to  the  human's  superior  ability  to  use 
judgment,  to  improvise,  and  to  respond  appropriately  to  low  probability  occur¬ 
rences.  The  human  is  said  to  be  capable  of  storing  from  1.  5  million  to  100 
million  binary  bits  of  information.  The  largest  computers  available  fall  far  short 
of  this  capacity.  Man'"-  memory  of  facts  is  less  reliable  than  machine's,  but  he 
does  fairly  well  at  remembering  principles,  strategies,  contingencies,  and  other 
rules  and  their  applications,  provided  that  he  has  been  properly  taught. 
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4.  4.  1.  b 


Ability  to  Use  Judgment 


It  is  difficult  to  define  "judgment,"  though  we  all  seem  to  .know 
what  it  is.  Perhaps  man's  superior  ability  to  use  judgment  is  related  to  his 
?K'Ut/  to  handle  concepts,  ideas,  and  other  data  which  are  not  easily  quantified 
and  to  arrive  at  a  decision  on  the  basis  of  some  unspecifiable  comparison  of 
nebulously  defined  alternatives,  even  when  the  situation  is  urnque.  Machines  are 
not  yet  very  efficient  at  the  kind  of  selective,  long-term  storage  needed  in  hand¬ 
ling  unique  problems,,  and  they  cannot  be  fed  any  variables  that  cannot  be  encoded. 
Thus,  judgment  is  very  important  where  the  population  of  events  cannot  be  com. 
pletely  defined.. 


4.  4.  1.  7 


Ability  to  Improvise  and  Adopt  Flexible  Procedures 


The  human  can  reprogram  easily  and  quickly  and  can  vary  per¬ 
formance  tolerances  quickly.  He  can  acquire  new  methodological  know-how 
simply  by  reading  printed  verbal  procedural  directions.  Human  flexibility  helps 
avoid  complete  breakdown  in  emergencies.  Thus,  if  high  degrees  of  flexibility 
are  required  for  navigation,  fire  control,  and  launch  operations,  then  man  should 
play  an  important  role  in  accomplishing  them.  However,  he  would  have  to  be 
relatively  highly  skilled  unless  the  flexibility  could  be  designed  into  written  pro¬ 
cedures  for  him  to  follow  and  allowable  task  durations  were  sufficiently  large. 


4.  4.  1.  8 


Abitity  to  Handle  L.ow-  ••oil* 
(i.e.  ,  Unexpected  Events) 


Hlternatives 


The  human  may  not  alway  s  employ  „  n  adequate  strategy  in  deal¬ 
ing  with  rare  events.  In  fact,  he  generally  tends  ;o  try  several  strategies  which 
have  worked  before  for  more  familiar  events,  and  he  tends  to  repeat  un  uccetsfiT 
strategies  ot  to  just  "Easter  egg"  (i.e.,  attempt  random  activities).  This  char¬ 
acteristic  is  not  restricted  to  relatively  unskilled  personnel.  If  low-probability 
events  can  be  programmed  into  a  machine,  the  machine  will  be  more  efficient, 
because  there  is  no  forgetting.  However,  if  the  population  of  possible  .low- 
probability  events  is  large  (the  usual  situation  in  command/contron  and  checkout 
operations),  then  the  storage  capacity  required  to  handle  them  poses  problems 
for  the  machine.  On  the  other  hand,  px-oper.ly  d  esigned  procedures,  coupled  with 
adequate  training,  can  markedly  increase  the  average  man's  facility  to  respond 
to  the  unexpected. 


4.  4.  1. 9 


Ability  to  Arrive  at  New  and  Completely 
deferent  Solutions  to  Problems 


The  human  can  employ  originality  in  putting  to  use  incidental 
intelligence  picked  up  during  hi  .,  training  or  experience.  Unfortunately,  he 
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tometimo#  may  try  the  nov  el  when  the  uiiu&l  would  be  mo«i  appropriate.  This 
partly  explains  the  often-observed  tendency  for  tike  technician  to  "tinker"  and  for 
the  operator  to  "over -adjust"  rather  than  follow  the  prescribed  procedures.  Prob¬ 
ably  a  more  complete  explanation  should  also  refe  r  to  the  usual,  inadequate  design  of 
pr  ocedures. 

4.4.  1.  10  Ability  to  Profit  From  .t.xperienye 

Ability  to  profit  from  experience  ,  that  is.  to  modify  responses 
on  the  basis  of  prior  events,  is  another  of  man's  characteristics.  It  in  not  used 
to  its  maximum  in  operating  and  maintenance  situations  because  of  lack  of  a  for¬ 
mal  organization  and  procedure  for  incorporating  and  disseminating  a  body  of 
operating  or  maintenance  knowledge.  Thus,  system  management  policies  will 
often  prevent  a  system  from  taking  advantage  of  experience.  Although  machines 
have  been  built  that  can  "learn"  from  experience  (e.  g.  ,  chess  players  and  maze 
runners),  the  cost  and  volume  required  for  such  machines  is  much  greater  than 
for  an  equivalent  man.  " 

4.4.  I.  .11  Ability  to  Track  (i.  e.  ,  Act  as  a  Servo  Follow-Up) 

In  a  Wide  Variety  of  Situations 

Man  has  this  capability  despite  relatively  poor  tracking  ability. 
The  ability  to  track  (i.  e.  ,  follow  or  center  a  moving  target)  is  more  pertinent  to 
operator  positions  than  to  maintenance  positions.  A  notable  example  in  the  FBM 
system  is  the  Type  11  Periscope  operator,  who  must  center  a  star  within  the  peri- 
scope  field  of  view  in  order  to  obtain  a  position  or  heading  fix.  Hi?  ability  to  do 
so  with  adequate  accuracy  obviates  the  need  for  an  automatic  star-tracking  device. 

4.  4.  1.  li  Ability  to  Perform  when  Overloaded 

The  human  is  capable  of  withstanding  high  conditions  of  load¬ 
ing  that  might  cause  a  complete  breakdown  in  a  machine.  That  is,  the  human 
frequently  can  perform  at  a  less  optimum  rate  or  at  a  lower  level  of  proficiency 
under  high  load  conditions,  but  he  usually  can  continue  to  perform.  This  quality 
of  "graceful  degradation"  is  found  in  some  machines,  but  to  a  lesser  degree  than 
in  human  .  However,  this  human  ability  ia  related  to  man's  ability  to  generate 
his  own  inputs,  and  the  negative  side  of  this  ability  is  the  possibility  that  these 
inputs  may  he  irrelevant  to  a  solution.  ThuB,  the  human  introduces  internally 
generated  "noise"  to  the  man-machine  system,  and  this  can  be  part  of  the 
"overload.  " 

4.  4.  1.  13  Ability  to  Reason  Inductively 

M  m  can  reason  inductively,  that  is,  make  generalizations  from 
specific  observations.  Along  with  judgment,  this  is  perhaps  man's  greatest 
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claim  to  fame.  It  ifl  especially  important  in  decision  making.  But  one  of  the 
reasons  why  inductive  ability  haa  been  so  important  in  Naval  tasks  ic  that  adequate 
suppuvt  for  human  deductive  ability  is  often  absent  in  a  given  subsystem  (i.e.,  in¬ 
sufficient  information  is  presented  to  the  man).  Since  the  generalizations  made 
by  personnel  in  the  absense  of  information  are  so  often  incorrect,  the  best  operat¬ 
ing  or  maintenance  situation  should  perhaps  he  so  structured  as  to  require  as 
little  as  possible  Oi  man's  inductive  ability.  (As  will  be  seen  later,  this  does  not 
necessarily  mean  to  automate.  )  The  major  exception  to  this  statement  is  the 
set  of  Naval  tasks  which  can  he  characterized  as  largely  decision  making  in 
nature. 


4.  4.  1.  14  Ability  to  Perform  Fine  Manipulations 

This  superiority  of  man  is  especially  important  in  assembly- 
disasaembly  operations,  fault  correction  (e.  g.  ,  soldering,  replacing  tubes,  etc.) 
and  in  the  fine  adjustments  required  in  calibration  and  alignment.  Machines  built 
to  perform  this  type  of  manipulation  are  frequently  extremely  costly  and  com¬ 
plex.  However,  precise  manual  adjuetments  often  must  be  aided  by  a  machine, 
for  example,  a  receiver  tuning  device  or  a  torque  wrench  with  a  readout  in  foot¬ 
pounds.  And  those  manipulations  involving  complex  eye-hand  coordination  are 
difficult  to  la  trn  to  a  high  skill  level. 

4.  4.  2  Characteristics  Tending  to  Favor  Machines  Over  Humans 

4.  4.  2.  1  Sensitivity  to  Stimuli 

Machines  can  sense  forms  of  energy  in  bands  beyond  man's 
spectrum  of  sensitivity,  for  instance,  infrared  and  radio  waves. 

4.  4.  2.  2  Insensitivity  to  Extraneous  Factors 

Machines  have  a  greater  insensitivity  than  man  to  extraneous 
factors.  They  have  no  morale  problem*.  They  do  what  they're  told  to  do.  Per¬ 
haps  this  is  at  once  the  machine's  greateet  advantage  and  its  greatest  disadvan¬ 
tage.  The  advantages  tend  to  be  emphasized  by  design  engineers,  especially  those 
who  have  seen  equipment  misused  in  the  field.  The  disadvantages  tend  to  be  em¬ 
phasized  by  field  personnel,  especially  those  v-ith  high  levels  of  skill  who  see 
aspects  of  this  skill  being  replaced  by  machines. 

4.  4.  2.  3  Monitoring  Other  Men  or  Machines 

A  great  deal  of  research  evidence  (both  experimental  and  field 
observational)  collected  by  North  American  and  British  researchers  shows  that 
man  is  a  poor  monitor  of  infrequent'y  occurring  events  as  well  as  frequently 
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occurring  events  over  a  long  period  of  time  (16).  Man  becomes  distracted  or 
just  bored.  The  evidence  is  so  overwhelming  that  Fitts,  et.  a  1(6)  have  declared 
that  machines  should  monitor  humans  rather  than  vice  versa.  This  principle  has 
important  implications  for  the  design  of  semi-automatic  equipment,  as  will  be 
discussed  in  the  next  major  heading.  A  corollary  to  the  above  principle  is  that 
man  should  not  be  the  sole  check  on  the  accuracy  of  his  work. 

4.  4.  2.  4  Responding  Quickly  to  Control  Signals 

Machines  have  microsecond  lags,  whereas  the  shortest  which 
can  be  expected  from  man  is  about  200  milliseconds,  and  this  only  if  he  is  set  to 
make  a  movement  upon  the  receipt  of  a  Go/No-Go  signal.  If  a  decision  is  re¬ 
quired,  the  human  response  time  increases  rapidly.  Moreover,  man  becomes 
fatigued  rapidly  under  conditions  requiring  a  series  of  rapid  decisions.  Speed, 
then,  is  one  of  the  primary  qualities  of  machines. 

4.  4.  2.  5  Storing  and  Recalling  Large  Amounts  of  Precise 

Data  for  Short  Periods  of  Time 


Especially  in  the  computer  field,  there  are  requirements  for 
short-term  storage  of  information  ("scratch  pad"  data),  followed  by  complete 
erasure  of  the  data  in  preparation  for  another  task.  Machines  excel  at  this;  hu¬ 
mans  not  only  have  difficulty  memorizing  large  amounts  of  information,  but  their 
recall  is  often  spotty  and  they  have  difficulty  in  completely  erasing  information 
in  short-term  storage. 

4.  4.2.  6  Computing  Ability 

People  make  errors  even  in  the  simplest  conversions  of  data 
requiring  no  more  than  simple  arithmetic.  They  are  poor  at  quickly  performing 
highly  complex  calculations.  Such  calculations  as  higher  order  integrations  per¬ 
tinent  to  some  types  of  navigation  and  fire  control  computations,  are  beyond  the 
capability  of  humans.  However,  machines  are  limited  by  the  rules  of  operation 
that  are  built  into  them.  In  some  cases,  humans  can  arrive  at  an  adequate  an¬ 
swer  more  quickly  by  a  series  of  approximations  that  drop  out  unnecessary 
precision. 

4.  4.  2.  7  Handling  of  Highly  Complex  Operations  (i.  e.  ,  Doing 

Many  Different  Things  at  Once  ) 

Fitts,  et  al(6)  states  that  when  man  has  to  employ  his  highest 
intellectual  abilities,  he  ia  essentially  a  one-channel  computer  --  he  can  work 
effectively  at  solving  only  oie  problem  or  attending  to  one  thing  at  a  time.  Only 
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when  he  achieves  very  high  degrees  of  skill  can  he  work  on  more  than  one  thing, 
and  then  only  by  rapidly  shifting  back  and  forth.  The  machine,  however,  is  lim¬ 
ited  only  by  the  capacity  built  into  it. 

4.  4.  2.  8  Deductive  Logical  Ability 

Machines  are  much  quicker  and  more  reliable  than  humans  in 
identifying  a  specific  item  as  belonging  to  a  large  inclusive  class  and  in  using 
rules  for  processing  information.  If  an  operation  can  be  programmed  iOQ%,  then 
a  machine  can  be  built  to  perform  the  operation  rapidly  and  accurately  with  per¬ 
fect  repeatability.  However  --  and  this  is  often  overlooked  --  procedures  can 
be  built  to  enable  a  human  to  follow  the  rules  efficiently,  though  less  rapidly,  and 
with  a  small  probability  of  error. 

4.  4.  2.  9  Performance  of  Routine,  Repetitive,  Precise  Tasks 

Man  is  notoriously  prone  to  commission  of  errors  in  such  op¬ 
erations.  As  in  monitoring  tasks,  he  becomes  easily  distracted  or  he  may  per¬ 
form  some  non-prescribed  action  out  of  sheer  boredom.  However,  if  the  task  is 
sufficiently  repetitive  that  it  can  become  automated,  then  the  operator's  involve¬ 
ment  in  and  awareness  of  what  he  is  doing  can  be  reduced  to  a  minimum  and  he  is 
free  to  think  of  other  things.  This  is  one  explanation  for  the  compatibility  of  many 
persons  to  extremely  routine  assembly-line  work.  In  most  operating  and  main¬ 
tenance  tasks  on  board  FBM  submarines,  this  high  degree  of  repetitiveness  and 
restriction  in  work  assignment  is  seldom  to  be  found.  Consequently,  it  is  a  safe 
generalization  that  machines  are  superior  to  humans  in  the  performance  of  most 
routine,  highly  repetitive,  and  precise  tasks. 

4.  4.  2.  10  Exerting  Large  Amounts  of  Force  Smoothly  and  Precisely 

The  human  is  no  match  in  strength  for  even  the  simplest  lifting 
or  moving  devices,  and  his  control  movements  with  large  objects  tend  to  be  er  - 
ratic  and  subject  to  oscillation,  especially  when  the  emphasis  is  on  speed. 
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II.  MAN -MACHINE  INTEGRATION 


The  preceding  Part  I  of  tins  section  has  presented  a  detailed  discussion  of 
the  factors  which  influence  man-machine  integration,  more  or  less  in  order  of 
their  occurrence  in  the  system  development  cycle.  In  Part  II,  techniques  and 
guidelines  for  man-machine  integration  will  be  presented. 

1  System  Models  as  Aids  to  Task  Assignment 

The  first  step  in  any  man-machine  integration  analysis  is  to  describe  the 
system  under  consideration  in  functional  terms.  These  descriptions  are  gener¬ 
ally  referred  to  as  system  models  or  paradigms.  Following  is  a  discussion  of 
system  models  which  have  been  found  io  be  useful  in  man-machine  integration. 

1.  1  Types  of  Models 

A  "system  model"  is  nothing  more  than  an  operational  description  of  a 
system,  to  be  used  for  analytical  purposes.  There  are  many  kinds  of  operational 
descriptions  which  can  he  employed,  ranging  from  the  pure  verbal  description  to 
the  pure  mathematical  or  symbolic  description  as  listed  in  Table  2-7.  Depend¬ 
ing  upon  the  intended  use,  some  may  be  more  appropriate  than  others. 

Most  of  these  techniques  are  well  known  to  systems  engineers  and  ana¬ 
lysts,  and  most  of  them  can  be  quite  useful  at  various  stages  in  system  design. 
However,  because  of  its  importance  from  the  human  factors  analysis  standpoint 
and  the  success  in  applying  it  to  the  FBM  system,  the  Operational  Sequence  Di¬ 
agram  (OSD)  has  been  selected  for  descriptive  emphasis  in  this  section.  Infor¬ 
mation  on  the  other  methods  may  be  found  in  any  text  on  systems  engineering. 

1 , 2  The  Operational  Sequence  Diagram 

During  the  past  few  years,  a  tool  for  the  analysis  of  man-machine  sys¬ 
tems  has  been  developed  and  refined.  This  tool,  called  the  Operational  Sequence 
Diagram  (OSD)  and  described  in  detail  by  Kurkc  (II),  is  derived  from  methods 
engineering  techniques  such  as  the  various  types  of  operational  process  charts 
described  by  Barnes  (I),  Mundell  (18),  and  Maynard  and  Stegmerten  (15).  These 
techniques  have  been  supplemented  by  the  recent  PERT-charting  concepts  and  by 
human  factor  s  concepts  such  as  task  analysis  ( 1 7),  in  which  those  discriminations , 
decisions,  and  actions  necessary  and  sufficient  to  operate  a  mechanism  are 
enumerated. 
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Table  2-7 

Techniques  of  System  Operational  Description 


Type  of  Modal 

Description 

Verbal  Account 

.  tfcaurio 

Verbal  account  of  operating  proetdum,  avanta,  timing,  ate. 

Graphic  Representation 

,  Bloch  Diagram 

Verbal -nymbolic  account  of  static  connectivity  of  major  aye- 
Cam  element*.  Usually  identities  important  ayatam  variables 
and  thfltr  gaoeral  ralatioMahipa.  Useful  also  far  describing 
nyatem  organisation. 

.  no*-  Diagram 

Verbal- symbolic  account  of  flow  of  material  or  information 
throughout  ayatam. 

.  Tima 'Lina  Chart 

Verbal* symbolic  representation  of  critical  activities  par- 
formed  by  system  elements  showing  time  relation  ships  and 
durations  (a.  g.  ,  Gantt  chart). 

.  Link  Chart 

Verbal-schematic  raprasantation  of  workspace  layout  showing 
frsquancy  of  usa  of  "links"  between  stations. 

.  Event- Sequence  Chart 

Verbal- symbolic  raprasantation  of  system  opesation  in  terms 
of  crltital  events  and  their  connectivity  and  timing  (a.  g. , 

PERT  Chart). 

.  Operational  Sequence 
Diagram  {OSD) 

Verbal- symbolic  representation  of  all  system  activities,  their 
connectivity  and  timing,  with  additional  identification  of  scpq- 
ing,  processing,  and  actuating  requirements.  At  this  level  of 
detail,  it  is  possible  to  assign  functions  to  man  and  machine 
and  to  determine  display  and  control  requirements. 

Mathematical  Modal 

.  Strvo  Thaoffy 

Symbolic  representation  of  input/output  relationships  of  groups 
of  elements  in  a  closed-loop  continuous  control  system  (see  this 
volume,  pg.  03,  for  example). 

,  Information  Theory 

Symbolic  representation  of  input/ output  relationships  of  ele¬ 
ments  in  a  communication  channel  (see  this  volume,  pg.  80, 
for  example). 

.  Queueing  Thaory 

Symbolic  representation  of  input/output  relationships  of  ele¬ 
ments  which  perform  an  administrative,  maintenance,  ur 
logistic  service  (see  Volume  2,  Pg*  230,  for  example). 

.  Gama  Thaory 

Symbolic  representation  of  relationships  between  action  alterna¬ 
tives  and  costs  or  losses. 

,  Dacia  ion  Thaory 

Symbolic  representation  of  rules  upon  which  to  base  alternative 
courses  of  action. 

.  Mathematical 
Programming 

Symbolic  representation  of  all  system  activities,  their  c connec¬ 
tivity  and  timing,  with  the  capability  of  solving  for  an  optimal 
program. 
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The  Operational  Sequence  Diagram  pictorially  displays  information- 
deciaion-action  sequences  that  a  system  or  its  subsystems  follow  in  completing 
a  mission.  As  such,  it  directly  parallels  the  basic  man-machine  functions  of 
ucnaing,  processing,  and  actuating.  In  an  introductory  paper,  Brooks  (3)  defined 
OSD's  as  schematic  or  information-decision- action  flow  diagrams  and  described 
their  use  in  the  dynamic  description  of  man-machine  systems.  He  described  it 
as  a  convenient  tool  whereby 

".  ■  •  system  operation  can  be  codified  simultaneously  with 
hardware  designs.  The  human  engineer  can  lay  out  his 
panels  realistically;  the  project  engineer  can  obtain  a  bet¬ 
ter  idea  of  the  man-machine  relationships  for  various 
degrees  of  automation  and  can  therefore  evaluate  alterna¬ 
tive  system  designs.  " 

A  later,  more  detailed,  paper  by  Kurke(^O)  presents  a  complete  exposition  of  the 
OSD  technique  and  its  applications.  We  are  indebted  to  him  for  the  following  dis¬ 
cussion  and  examples. 

The  OSD  may  be  used  to  establish  sequence-of-operations  requirements 
between  subsystem  interfaces  at  various  levels  of  system  analysis.  The  inter¬ 
faces  may  be  between  machines,  between  operators,  or  between  machines  and 
operators.  Simple  or  complex  systems  may  be  analyzed  and  the  degree  of  tho¬ 
roughness  of  the  analysis  may  be  selected  for  maximum  usefulness.  A  second 
form  of  OSD  stresses  its  use  as  a  pictorial  adjunct  to  symbolic  logic.  In  this 
form  the  basic  sequential  OSD  is  combined  with  a  logical  analysis  technique  ( 10) 
to  depict  the  logical  result  of  each  of  several  decision-action  sequences.  The 
third  use  of  the  OSD  combines  the  technique  with  various  link  analysis  techniques 
as  described  by  Channell  and  Tolcott  (5)  for  evaluating  panel  layout  and  the  de¬ 
sign  of  workspaces. 

The  basic  components  of  an  OSD  are  various  geometric  figures  coded  to 
denote  the  elements  of  any  operational  sequence  (Fig.  2-6).  In  its  simplest  form 
the  OSD  consists  of  "actuation"  elements  depicted  by  squares,  connected  by  a 
"time  line"  uniting  the  actions.  The  communication  of  information  in  the  broad¬ 
est  sense  of  ine  term  is  indicated  by  a  triangle  to  represent  the  transmitting  ac¬ 
tion,  i-e.  talk,  switch  closure,  etc.  ,  and  a  circle  to  represent  the  sensing  o~ 
reception,  i.  e.  ,  hearing  words,  visual  displays ,  etc.  A  semi-circle  denotes  the 
utilization  of  stored  information  such  as  previously  obtained  knowledge  or  training. 

When  actions  and  communications  are  present,  the  next  level  of  com¬ 
plexity  involves  the  use  of  the  element  (hexagon)  representing  the  processing  or 
decision  function.  Processing  may  be  defined  operationally  as  the  variable  in¬ 
tervening  between  a  matrix  of  stimuli  and  a  matrix  of  possible  responses.  It  is 
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the  raison  d'etre  for  the  OSD.  The  "operator  "(which  may  or  may  not  be  human) 
requires  information  which  is  somehow  integrated  and  elicits  one  of  alternative 
actions  or  transmissions.  As  noted  in  Fig,  2-6,  the  resultant  actions,  inactions, 
or  inappropriate  actions  can  be  coded  in  the  OSD.  Two  additional  types  of  sym¬ 
bol  are  useful  at  this  level  of  system  complexity.  One  of  these  discriminates 
between  manual  and  automatic  functions.  The  other  type  is  a  logic  device. 
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Symbols  used  in  operator  sequence  diagrams. 


Manual  elements  such  as  those  involving  a  man  driving  an  auto,  seeing 
a  red  light,  deciding  to  stop,  stepping  on  the  brake,  or  blowing  his  horn  at  a 
pedestrian  are  represented  by  single -trued  symbols.  The  brake  light  on  his  r-  . 
is  an  example  of  automatically  transmitted  information.  Automatic  elements  are 
depicted  by  double-lined  squares,  triangles,  etc.  For  instance,  the  brake  light 
of  the  car  going  on  would  be  depicted  by  a  double -lined  circle.  The  second  type 
of  symbol  is  logical  in  nature;  it  discriminates  between  logic  conjunctions. 
Separate  time  linee  entering  or  leaving  an  element  represent  an  "or"  condition. 
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"And"  ia  represented  by  the  junction  of  two  lines  prior  to  entering,  or  aubaequent 
to  leaving  the  clement. 

Operational  Sequence  Diagrams  may  be  used  during  various  phases  of 
system  development  from  the  initial  determination  of  the  sequence  of  gross  op¬ 
erations  to  the  detailed  evaluation  of  panel  layouts.  To  illustrate  its  use  on  an 
unclassified  basis,  let  us  examine  how  it  might  be  used  in  the  development  of 
Campbell  and  Blank's  proposal  for  a  shipboard  radar  data  computer  to  improve 
navigation  safety  by  reducing  the  likelihood  of  ship  collisions.  ( 4)  Such  a  colli¬ 
sion  avoidance  system  consists  of  a  ship  and  an  environment  which  contains 
objects  to  be  avoided.  To  accomplish  its  mission,  the  ship  must  meet  the  follow¬ 
ing  requirements.  It  needs: 

.  Knowledge  of  potential  collision  objects  In  the  environment. 

.  Knowledge  of  own  status  relative  to  objects  in  the  environment. 

.  Capability  of  determining  CPA  (closest  point  of  approach)  and,  from 
this,  deciding  whether  to  evade  the  object. 

.  Ability  to  take  actions  necessary  for  evasion  from  a  universe  of  ac¬ 
ceptable  evasive  tactics. 

.  Feedback  for  evaluation  of  usefulness  of  evasive  tactic. 

Assembling  the  required  navigation  functions  in  a  sequential  order,  the 
mission  can  be  generalized  as  illustrated  by  the  sequential  OSD  in  Fig.  2-7,  in 
which  information  concerning  navigation  hazards  such  as  another  ship  is  received 
by  the  collision  avoidance  system.  This  information,  knowledge  of  own  ship's 
heading,  speed,  etc.  and  of  those  actions  permitted  by  the  rules  of  the  nautical 
road  are  all  utilized  in  the  decision  to  change  own  ship's  coarse.  A  new  course 
in  chosen  and  plotted  and  the  ship  is  put  on  the  new  course.  The  new  relative 
bearing  and  speed  of  the  other  ship  is  received  and  the  decision  concerning  the 
adequacy  of  the  new  situation  ia  evaluated  to  determine  the  effectiveness  of  the 
maneuver. 

The  first  step  in  analyzing  the  system  is  to  compare  the  human  factors 
elements  in  the  existing  system  and  in  a  proposed  system.  An  examination  of 
the  allocated  man-machine  functions  can  be  made  to  yield  comparative  data  on 
the  human  error  potential  of  both  systems. 
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Fig.  2-7.  Basic  collision  avoidance  system 


The  very  question  of  the  desirability  of  the  hypothetical  radar  computer 
is  one  of  allocation  of  man-machine  functions.  In  effect,  the  development  of  the 
radar  computer  would  produce  a  new  system  and  the  relative  effectiveness  of  the 
two  systems  should  be  compared.  A  very  satisfactory  method  of  determining  the 
effectiveness  of  alternate  systems  is  the  comparison  of  OSD's  representing  them. 
More  detailed  diagrams  than  the  one  in  Fig.  2-7  are  needed.  In  addition  to  the 
ship  and  its  environment,  we  are  now  concerned  with  the  watch  officer  and  the 
radar  computer  and  in  the  detailed  interactions  of  these  components. 

Fig.  2-8  illustrates  this  level  of  analysis  of  the  conventional  system  and 
the  proposed  system  incorporating  a  radar  data  computer. 

The  manual  system  (Fig.  2-8A)  requires  that  a  target  be  identified,  and 
if  a  casual  estimate  indicates  it  might  be  a  threat,  its  course  relative  to  own  ship 
is  plotted  to  determine  if  the  two  ships  are  on  a  collision  course.  An  evaluation 
of  the  plotted  course  is  made  and  if  the  decision  to  maneuver  to  avoid  the  other 
ship  is  made,  a  new  course  is  plotted.  Then  own  ship  is  put  on  a  new  speed  and 
heading.  Subsequent  ;o  this  change,  the  relative  course  of  the  other  ship  is  re¬ 
plotted  and  the  collision  threat  is  re-evaluated. 
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A  TRADITIONAL  METHOD  B.  PROPOSED  SYSTEM 


Fig.  2-8.  Detail  analysis  of  alternate  collision 
avoidance  systems 


The  computer  system  (Fig.  2-8B)  also  requires  that  a  target  b 
nized  and  identified.  The  target  is  then  entered  into  the  computer,  whii 
tinuously  evaluates  the  relative  threat.  When  the  evaluation  indicates  a 
course,  an  alarm  notifies  the  watch  officer,  who  --  on  the  basis  of  com 
displays  --  identifies  which  of  several  targets  represents  the  collision  I 
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The  watch  officer  simply  estimates  a  change  of  courte  and/or  speed  and  enters 
this  change  in  the  computer,  which  evaluates  it.  If  -he  threat  is  eliminated,  the 
alarm  and  threat  indications  are  replaced  by  an  "OK"  display.  The  watch  officer 
now  simply  orders  the  change  in  speed  and  heading  he  previously  had  entered  in¬ 
to  the  computer.  This  entire  sequence  can  be  completed  in  a  fraction  of  the  time 
required  for  the  manual  sequence.  In  addition  to  illustrating  elapsed  time  graph¬ 
ically,  a  time  scale  on  the  OSD  shows  the  input  and  output  rate  load  imposed  on 
the  human  operators  in  the  system. 

A  comparison  of  the  operations  involved  in  both  systems  indicates  that 
the  types  of  error  leading  to  collision  potential  are  less  easily  designed  out  of  the 
original  system  than  the  one  with  the  computer,  i.  e,  ,  provided  a  correct  entry 
is  made,  computation  of  CPA  is  less  subject  to  error  and  more  rapidly  performed 
by  electronic  than  by  human  computers. 

In  general,  when  the  sequence  reaches  a  major  decision  point,  the  prac¬ 
tice  is  to  prepare -separate  OSD's  for  each  alternate  action.  If  a  system  requires 
numerous  decisions,  this  practice  could  result  in  more  diagrams  than  can  be 
handled  conveniently.  To  overcome  this  disadvantage,  computer  programming 
techniques  are  incorporated  into  the  OSD  to  show  the  effects  of  alternate  actions 
on  a  single  diagram.  To  illustrate  the  logical  analysis  form  of  the  OSD,  the 
watch  officer  in  our  hypothetical  collision  avoidance  syotem  makes  decision  F, 
the  choice  of  a  course  (Fig.  2-9).  Two  alternatives,  G  and  H,  are  shown.  If  he 
enters  course  G  into  the  computer,  data  from  the  other  ship  via  radar  K  and  data 
concerning  own  ship  L  are  integrated  and  computed.  If  conditions  indicate  that 
the  entered  alternate  would  lead  to  another  collision  course,  it  would  be  so  indi¬ 
cated  by  the  computer's  display  R  and  a  series  of  decisions  (S,  V)  must  be  made 
by  the  watch  officer  to  choose  another  course.  If  the  alternative  course  H  is 
chosen,  this  entry  (with  inputs  K  and  L)  will  cause  the  indications  P  and  Q  that 
the  entered  course  has  a  safe  CPA.  The  watch  officer  uses  this  information  in 
his  decision  S  to  order  T,  a  change  in  the  ship's  course. 

This  use  of  the  sequence  diagram  suggests  its  use  with  a  systenp  of  sym¬ 
bolic  logic.  The  results  of  the  alternate  decisions  ihown  in  Fig.  2-9  may  be 
written  as  a  series  of  logical  sequences,  thus: 


Aj  •  Bj  — ^ 

Ci  — >  L(Dj  •  F c)  — ♦  Ej  ]  +  (D0  ■ 

Fi) 
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Ft  -»  [(Gi 

4)  •  Ho]  +  [G0  •  (Hi  Ji)] 

— >  M 
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Fig.  2-9.  Analysis  of  alternate  actions 


(Cj  — v  •  Kj  .  Li  Mb  (N0  .  Oj)  — *  m  — *  Sb  — *  Vi  (*,) 

where  the  capital,  letter u  stand  for  the  elements  in  the  OSD;  small  o  used  as  a 
subscript  represents  the  null  state  of  the  element;  i  is  used  to  denote  an  only  ac¬ 
tive  state,  and  a,  b,  c,  . . .  ,  etc.  ,  are  used  as  subscripts  when  an  element  has 
more  than  one  active  output;  a  dot  indicates  and  logic;  and  a  plus  indicates  or 
logic.  The  bar  over  the  capital  letter  means  that  the  element  indicated  received 
only  part  of  its  requisite  inputs  in  this  sequence.  It  indicates  that  other  inputs  to 
the  element  are  necessary  to  change  it  from  the  null  to  the  active  state. 

The  ability  to  reduce  graphic  representation  to  the  notation  of  symbolic 
logic  enables  the  analyst  to  use  the  latter  methodology  in  establishing  meaning¬ 
ful  operational  procedures.  This  graphic -logical  translation  also  provides  a 
method  for  evaluating  the  relative  effectivene of  various  combinations  of  manned 
and  automated  system  components. 
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In  addition  to  its  uses  in  system  analysis  and  design,  the  Operational 
Sequence  Diagram  has  a  role  in  the  design  and  evaluation  of  equipment.  One 
method  requires  the  development  of  very  detailed  OSD's  showing  on  a  time  scale 
the  inputs  and  outputs  required  by  the  operator  for  his  information-decision- 
action  sequences.  These  inputs  and  outputs  may  come  from  other  equipment  or 
from  other  personnel  in  the  system.  The  time  of  input  and  output  information 
becomes  one  of  the  contributing  factors  in  the  design  of  equipment.  The  OSD  used 
as  a  method  for  studying  interpersonal  communications  required  by  the  system  can 
be  used  in  the  determination  of  the  number  and  location  of  operating  personnel. 

Operational  Sequence  Diagrams  may  be  laid  out  spatially  as  well  as  along 
a  time  line.  The  spatial  layout  method  overlays  the  inputs  and  outputs  to  the  op¬ 
erator  on  a  sketch  of  the  panel  face.  Fig.  2-10  illustrates  this  technique  in  the 
comparison  of  two  panel  designs  submitted  for  a  given  sequence.  Both  panels 
consist  of  two  toggles  and  six  indicator  lamps.  The  sequence  of  operations  com¬ 
mences  at  the  arrow  and  is  shown  by  the  line  connecting  three  types  of  OSD  ele¬ 
ments:  squares,  standing  for  switch  operations;  circles  for  indicators  on;  and 
spots  for  indicators  off.  The  spatial  layout  form  of  OSD  provides  a  graphic  de¬ 
scription  of  the  perceptual-motor  load  a  particular  layout  imposes  upon  the 
decision-making  function  of  the  equipment  operator. 


Fig.  2-10.  Spatial  OSD  superimposed  on  two  panel  layouts 

However,  perhaps  the  most  important  end  product  of  this  method  of  an¬ 
alysis  in  any  of  its  forms  is  that  the  information  and  action  symbols  on  an  OSD 
can  be  utilized  directly  to  determine  display,  control,  and  programming  require¬ 
ments,  from  whence  man-machine  interface  design  may  proceed. 

In  summary,  the  Operational  Sequence  Diagram  is  a  type  of  process 
chart  modified  for  the  peculiar  needs  of  human  factors  work.  Its  primary  use 
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in  the  FBM  system  haa  been  in  determining  man-machine  interaction  sequences 
in  the  Mk  80  and  84  Fire  Control  and  in  the  Launcher  eystema,  in  analyzing  in¬ 
formation  flow  requirements  between  groups  of  men  and  machines  on  the  FBM 
submarines,  and  in  coordinating  information-decision -action  sequences  between 
interfacing  subsystems.  Since  these  sequences  relate  directly  to  the  sensing- 
processing-actuating  functional  capabilities  of  man  and  machine,  they  can  be 
used  to  determine  display,  control,  and  programming  requirements. 

2  Man-Machine  Task  Assignment  Guidelines 

System  requirements  seldom  require  the  selection  of  the  best  components 
for  the  system;  instead,  one  usually  wants  to  know  what  available  components 
will  adequately  meet  system  requirements  so  that  the  least  expensive  or  the 
most  readily  available  components  which  meet  the  requirements  may  be  used. 

It  man  is  viewed  at  any  other  system  component,  he  may  be  selected  to  perform 
a  given  function  even  though  he  may  not  perform  the  function  as  well  as  a  machine, 
provided  that  hie  performance  still  meets  system  requirements.  Thus,  a  task 
may  be  assigned  to  man  if  he  is  already  available  to  perform  it  and  if  this  in¬ 
volves  less  cost  than  using  hardware.  In  still  other  instances,  there  may  be  no 
choice  in  the  assignment  of  tasks;  either  they  must  be  performed  by  man  or  they 
must  be  performed  by  machine.  For  example,  the  computations  required  for  the 
missile  guidance  are  too  complicated  and  must  be  updated  too  frequently  to  be 
performed  by  man.  On  the  other  hand,  selection  of  programs  for  NAVDAC  or 
the  selection  of  pass  time  for  TRANSIT  fixes  must  be  performed  by  man.  Also, 
in  a  somewhat  different  category,  there  is  the  performance  of  back-up  operations. 
Man  is  frequently  used  to  perform  manual  operations  when  more  automatic  modes 
of  operation  are  not  possible  because  of  their  inappropriatenesB  or  because  of 
equipment  malfunctions. 

In  viewing  man  as  a  potential  system  component,  the  implication  is  that  hu¬ 
man  performance  capabilities  and  limitations  can  be  specified  in  the  same 
manner  as  any  hardware  component  within  the  system.  However,  the  perform¬ 
ance  characteristics  of  man  cannot  be  specified  precisely  for  many  of  the  func¬ 
tions  which  man  can  perform.  For  some  tensing  functions,  such  as  vision  and 
hearing,  human  characteristics  can  be  specified  quite  accurately.  Similarly, 
actuating  capabilities  and  limitations  are  fairly  well  known.  However,  for  pro¬ 
cessing  functions  such  as  reasoning  and  decision  making,  human  characteristics 
can,  with  few  exceptions,  be  specified  only  in  the  most  general  of  terms.  Also, 
because  of  man's  adaptive  capabilities,  his  characteristics. must  often  be  speci¬ 
fied  in  terms  of  the  range  of  task  or  input  conditions  over  which  he  can  perform 
effectively. 

In  the  following  guidelines  for  assignment  of  sensing,  processing,  and  actu¬ 
ating  functions,  main  emphasis  has  been  placed  upon  the  processing  functions  for 
three  reasons: 
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.  Sensing  and  actuating  characteristics  of  the  man  as  opposed  to  the  ma¬ 
chine  are  well  documented  in  other  handbooks  and  available  references 
and  have  been  utilized  in  developing  the  guidelines  for  selection  and  de¬ 
sign  of  equipment  and  components  in  Volume  2  of  this  handbook. 

.  The  trend  in  modern  Naval  weapon  systems,  as  exemplified  by  the  FBM 
system,  is  toward  increasing  automation  of  processing  functions. 

.  A  knowledge  of  human  processing  characteristics  is  important  in  early 
system  development  when  relative  roles  of  man  and  machine  are  being 

established. 

For  these  reasons,  a  detailed  discussion  of  human  processing  characteristics  is 
included  herein,  whereas  human  sensing  and  actuating  characteristics  are  only 
briefly  summarized. 

2.  1  Sensing 

In  deciding  whether  equipment  or  personnel  should  perform  specific 
functions  related  to  receiving  inputs,  information  is  needed  about: 

.  the  requirements  for  energy  detection  and  distrimination;  and 

.  the  system-  and  use-determined  factors  influencing  energy  detec¬ 
tion  and  discrimination. 

Energy  detection  and  discrimination  refers  to  the  ability  to  receive  or  sense 
electromagnetic,  particulate,  and/or  mechanical  energy  without  specific  re¬ 
gard  to  signal  qualities  or  informational  content.  Detection  refers  specifically 
to  the  absolute  presence  or  absence  of  physical  energy,  while  discrimination 
refers  specifically  to  the  presence  or  absence  of  a  difference  between  physical 
energy  levels.  The  reception  of  these  energies  requires  the  presence  of  a  sens¬ 
ing  mechanism  which  can  be  affected  by  the  particular  type,  range,  magnitude, 
and  other  qualities  of  the  energy.  Obviously,  both  man  and  equipment  are 
capable  of  receiving  many  forms  of  physical  energy.  This  detection  or  recep¬ 
tion  by  the  senses  is  prerequisite  to  discrimination  and  later  processing. 
System-  or  use-determined  factors  may  then  dictate  other  uses  o£  equipment 
or  personnel  for  sensing  and  may  require  compromises  in  the  assignment  of 
tasks.  In  one  instance,  though  limited  in  detection  and  discrimination  capabili¬ 
ties  as  compared  with  a  specific  equipment  sensor,  man  may  be  required  in 
the  system  because  of  his  multipotentialty  .'or  sensing  many  forms  of  physical 
energy.  In  other  instances,  where  detection  would  be  monotonous,  hazardous, 
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inefficient,  or  impoeeible  for  man  to  perform,  equipment  sensors  may  be  re¬ 
quired  or  desirable.  The  guideline*  which  follow  eerve  to  structure  the  man- 
machine  assignment  decision  with  respect  to  the  critical  function  of  sensing. 

2.  1.  1  Detection  and  Discrimination 

*  Detection  and  discrimination  of  specific  physical  energies 

should  be  performed  by  equipment  sensors,  except  for  the 

following  considerations: 

a.  If  the  situation  requires  the  reception  of  many  different 
types  of  physical  energy  in  close  proximity  in  time  but  not 
simultaneously  (such  as  might  be  involved  in  steering  a 
vehicle,  where  visual,  auditory,  tactual,  and  kinesthetic 
sensing  all  may  be  useful  for  control),  the  multipotenti¬ 
ality  of  man's  senses  may  indicate  his  use  for  detection 
and  discrimination  functions. 

b.  If  high  noise  levels  are  present,  it  may  be  necessary  to 
utilise  man  to  detect  signals.  This  capability  is  often  asso¬ 
ciated  with  detection  of  signals  on  cathode-ray  tube  displays 
and  use  of  communication  equipment. 

c.  If  equipment  sensors  cannot  be  designed  to  provide  effec¬ 
tive  scanning,  then  it  may  be  necessary  to  use  man.  Man, 
through  his.  ability  to  direct  his  attention  to  various  portions 
of  his  environment,  may  provide  a  more  effective  means  of 
detection  than  more  highly  programmed  equipment  oensorr. 

d.  If  contingencies  which  may  arise  in  the  operation  and  main¬ 
tenance  of  the  system  cannot  be  predicted  adequately  during 
its  design,  it  may  be  necessary  to  include  man  as  a  sen¬ 
sor  for  some  back-up  functions. 

e.  If  effective  equipment  sensor*  cannot  be  designed,  then  it 
may  be  necessary  to  use  man.  For  example,  man  must  be 
included  to  detect  visual  signals  associated  with  the  use  of 
radar  equipment,  auditory  signals  associated  with  the  use 
of  sonar,  and  wave  forms  associated  with  the  use  of  test 
oscilloscopes.  This  may,  in  some  instances,  involve  the 


The  *  symbol  indicates  specific  guidelines  for  the  allocation  of  functions. 
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detection  of  low-energy  levels  which  might  fail  to  activate 
an  equipment  aensor. 

f.  If  man  is  already  present  in  a  given  situation,  it  may  be 
more  economical  to  use  him  as  a  sensor  than  to  provide 
additional  equipment  if  the  sensing  requirements  are  within 
the  range  of  human  sensitivity.  This  also  is  related  to  the 
desirability  of  providing  a  man  with  enough  work  so  that  he 
will  maintain  a  reasonable  level  of  motivation  and  alertness, 

Conditions  for  Employment  of  Personnel  for  Detection  and 

Discrimination 

*  If  personnel  are  used  to  perform  energy  detection  and  discrim¬ 
ination  functions,  then  the  dynamic  range,  intensities,  and 
frequencies  of  the  energy  inputs  should  be  within  the  capabilities 
of  the  human  senses. 

a.  Since  the  effective  utilisation  of  man  as  a  sensor  (such  as 
might  be  required  under  the  conditions  described  in  the  pre¬ 
ceding  guideline)  is  constrained  by  the  sensitivities  of  the 
human  senses,  it  is  necessary  to  describe  some  of  their 
capabilities  and  limitations.  The  physical  variables  asso¬ 
ciated  with  stimulation  of  the  human  senses  are  generally 
defined  in  terms  of  (1)  type,  (2)  intensity,  and  (3)  spectral 
or  frequency  distribution.  The  characteristics  of  the  sen¬ 
sory  receptors  in  responding  to  the  physical  stimuli  may 
be  defined  in  terms  of  dynamic  range,  amplitude  resolution, 
spectral  range,  spectral  resolution,  spatial  resolution,  and 
temporal  resolution  (i.  e.  ,  acuity). 

b.  One  important  characteristic  of  human  sense  organs  is  their 
ability  to  change  their  sensitivity  as  a  result  of  recent  or 
on-going  stimulation.  This  characteristic  is  called  sen¬ 
sory  adaptation.  A  commonly  experienced  example,  visu¬ 
al  dark  adaptation,  results  in  an  increased  sensitivity  to 
achromatic  light  following  a  relatively  short  initial  period 
in  darkness.  On  the  other  hand,  exposure  to  daylight  con¬ 
ditions  results  in  reduced  sensitivity  to  low-level  light 
sources  or  sigiuds.  Practical  application  of  this  phenom¬ 
enon  traditionally  has  been  made  in  ship  control  stations 
(low-level  red  light),  aircraft  cockpit  illumination  (also 

low-level  red  light)  for  night  flying,  and  in  radar  control 
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room*,  where  observation  must  be  made  of  low-level 
visual  stimuli. 

The  important  relevant  sensory  limitations  are  summarized  in 
Table  2-8.  Details  concerning  each  sensory  mode  are  included  in  appropriate 
sections  of  Volume  2,  Design  of  Equipment,  aund  are  presented  therein  in  terms 
of  specific  design  requirements  for  display  design  and  environmental  control. 

2.  1.  3  Monitoring 

*  Long-term  monitoring  of  specific  physical  energies  generally 
should  be  performed  by  equipment  sensors. 

In  addition  to  his  unsuitability  for  the  detection  of  electromechanical 
energies  per  se,  man  is  typically  a  poor  monitor  of  infrequently  occurring  evenu 
or  events  occurring  over  long  periods  of  time.  He  is  easily  distracted  and  he 
may  become  bored  or  fatigued.  Again,  as  with  detection,  there  may  be  conditions 
which  require  the  use  of  man  for  monitoring  in  spite  of  these  limitations.  Thus: 

a.  If  signals  must  be  detected  in  high  noise  environments,  then  it 
may  be  desirable  to  use  man  for  monitoring.  In  operational 
situations,  this  applies  mostly  to  cathode-ray  tube  displays 
such  as  radar  displays,  auditory  equipment  associated  with  so¬ 
nar,  and  external  communications  equipment.  In  maintenance 
situations,  this  capability  is  most  relevant  in  the  use  of  test 
oscilloscopes. 

b.  If  the  unpredictability  of  the  signal  makes  it  difficult  or  im¬ 
possible  to  use  an  equipment  sensor,  then  it  may  be  necessary 
to  use  man.  For  example,  the  visual  and  auditory  capabilities 
of  man  may  be  useful  when  it  cannot  be  predicted: 

(1)  Where  the  signal  will  occur,  although  some  notion  may  be 
had  of  when  it  will  occur; 

(2)  When  the  time  of  onset  will  be,  although  the  position  in 
space  of  the  signal  is  predictable; 

(3)  Whether  something  is  going  to  occur. 

Again,  these  involve  the  multipotential  capabilities  of  man's 
senses  where  the  complexity  or  the  unpredictability  of  the 
input  situation  makes  it  difficult  or  impossible  to  use  equip¬ 
ment  sensors. 


Table  2-8 

SUMMARY  OF  HUMAN  SENSORY  LIMITATIONS  RELEVANT  TO  EQUIPMENT  DESIGN 
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c.  If  equipment  cannot  be  designed  to  handle  monitoring  require¬ 
ments,  then  it  may  be  necessary  to  use  man. 

d.  If  man  is  already  present  in  a  given  situation,  it  may  be  more 
economical  to  use  him  as  a  monitor  than  to  provide  additional 
equipment,  provided  the  monitoring  tasks  are  properly  de¬ 
signed  to  compensate  for  man’s  limited  capabilities. 

2.1.4  Conditions  for  Employment  of  Personnel  for  Monitoring  F auctions 

♦  If  man  must  be  used  to  perform  monitoring  functions,  then 
his  limitations  for  monitoring  must  be  considered. 

There  is  considerable  evidence,  based  on  investigations  of  watch 
keeping  and  inspection  work,  which  indicates  that  the  ability  to  detect  and  re¬ 
spond  to  small  unpredictable  signals  varies  with  the  passage  of  time  (14).  In 
general,  the  efficiency  of  vigilance  rises  rapidly  at  the  start  of  the  monitoring 
period  and  decreases  rapidly  again  when  the  period  lasts  longer  than  half  an 
hour.  This  general  and  universal  finding,  taken  together  with  other  experimental 
results,  leads  to  the  careful  consideration  of  the  following  factors  in  designing 
human  monitoring  tasks. 

a.  Signal  Characteristics 

(1)  Personnel  are  more  likely  to  notice  frequently  recurring 
signals  than  those  occurring  less  frequently. 

(2)  Regularly  spaced  signals  are  more  easily  and  more  reli¬ 
ably  detected  than  irregularly  spaced  signals. 

(3)  Time  lapses  between  one  signal  of  interest  and  the  next 
appear  to  be  of  very  great  importance. 

(4)  The  longer  the  working  span  (i.e.,  the  watch-keeping  situ¬ 
ation),  the  more  decrement  in  vigilance  can  be  expected. 
However,  short  rest  periods  apparently  restore  some  re¬ 
sponse  readiness,  although  the  data  do  not  suggest  the 
optimum  length  of  the  rest  periods. 

(5)  It  has  been  suggested  that  the  regular  repetition  of  un¬ 
wanted  signals  (i.  e.  ,  signals  of  no  interest)  might  be  just 
an  harmful  for  alertness  as  the  irregularity  of  signals  of 
interest. 


66. 


MR??-  -**n<nrj 


r'TWpf-'  ':■'* -••*.-  •  ■/*•:*• 


Assignment  Guidelines 


b.  Environmental  Characteristic  a 


(1)  Personnel  isolation  reduce*  alertness.  Research  has 
shown  that  isolated  subjects  are  lets  alert  than  those  work¬ 
ing  with  somebody  else.  At  the  same  time,  elimination  of 
distracting  conditions  also  seems  to  lead  to  a  decline  in 
readinest  to  detect  and  respond  to  small  changes  in  the 

t  nvii  onment. 

(2)  Moderately  noisy  and  uncomfortable  surroundings  seem  to 
increase  watchfulness.  The  implication  here  is  that  some 
minimum  sensory  stimulation  is  necessary  to  maintain 
vigilance. 

c.  Motivational  Characteristics 

(1)  Motivation  can  be  increased  by  providing  immediate  know¬ 
ledge  of  results  during  the  task  so  that  personnel  are  given 
some  basis  for  judging  their  own  performance. 

(2)  Personnel  can  get  tired  of  sitting  still  and  receiving  in¬ 
formation.  It  has  been  said  in  this  regard  that  personnel 
also  show  fatigue  who  only  sit  and  watch. 

(3)  Tasks  with  a  strong  perceptual  element  (e.g.,  maintaining 
a  pointer  on  a  stationary  mark)  are  particularly  likely  to 
show  bad  effects  from  prolonged  work. 

(4)  Monotonous  surroundings  contribute  to  decrements  in 
vigilance. 

(5)  Human  vigilance  may  be  aided  by  self-pacing  as  opposed 
to  machine  pacing  of  monitoring  tasks. 

d.  Implications 


System  design  should  allow  for  human  vigilance  variables  in 
any  task  situation  and  should  attempt  to  minimize  vigilance 
decrement  by  three  important  steps: 

(1)  Infrequent  signals  should  be  presented  regularly  and  should 
have  strong  behavioral  coding.  In  this  regard,  color,  posi¬ 
tion,  movement,  use  of  multiple  senses,  and  various  other 
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coding  acheme*  should  be  utilized  to  enhance  the  attract- 
ability,  detectability,  and  meaningfulness  of  the  signal. 

(2)  The  task  situation  should  provide  personnel  with  immedi¬ 
ate  knowledge  of  results  (1.  e.  ,  feedback)  so  as  to  impart 
to  them  a  complete  experience  and  a  basis  for  improving 
performance  (see  pg.  85,  this  volume,  for  detailed 
discussion). 

(3)  Control  must  be  exercised  over  the  signal  environment 
such  that  stress  situations  are  avoided  and  minimal  sen¬ 
sory  stimulation  is  afforded  to  personnel.  In  this  regard, 
the  regular  occurrence  of  unwanted  signals  should  be 
minimized. 

2. 2  Processing 

The  preceding  section  has  been  concerned  with  the  simple  detection 
and  discrimination  of  physical  energies  and  the  continued  detection  of  these 
energies  over  extended  periods  of  time  (i.  e.  ,  monitoring).  In  this  section, 
guidelines  and  consideration*  are  provided  on  the  capabilities  of  personnel  and 
equipment  to  interpret,  store,  retrieve,  associate,  integrate,  and  otherwise 
process  information.  An  analysis  of  the  man-machine  assignment  problem 
with  respect  to  information  processing  requires  consideration  of:  l)the  types 
of  processing;  2)  the  capacities;  and  3)  the  factors  which  influence  this  pro¬ 
cessing.  Each  of  these  will  be  discussed  in  the  following  sections.  While  the 
term  "information  processing"  refers  broadly  to  an  entire  input-output  or 
stimulus-response  complex,  it  may  also  be  categorized  in  terms  of  the  nature 
and  degree  of  input/output  integrating  activities  involved.  From  this  view¬ 
point,  information  processing  may  be  classified  into  the  following  types: 

.  Where  the  operation  is  essentially  that  of  a  relay  or  amplifier 
(i.  e.  ,  a  more  or  less  direct  stimulus -response  or  input/ output 
connection).  Examples  of  human  processing  activities  of  this  na¬ 
ture  would  be  the  task  of  operating  a  push  button  when  a  light 
comes  on  and  a  simple  position  tracking  task. 

.  Where  the  operation  is  one  of  encoding.  Here  there  is  a  trans¬ 
formation  of  the  input  signals  such  that  the  response  or  outputmay 
be  qualitatively  and/or  quantitatively  different  from  the  input. 

The  tasks  of  translation,  of  keying  a  code  number  to  represent 
address  information,  and  of  binary -to-octal  transformation  are 
good  examples. 
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Where  the  operation  is  one  of  evaluating  and/or  decision  making. 
This  is  a  response-  or  output-selection-type  of  situation  in  which 
risks,  values,  or  utilities  are  assigned  to  alternative  actions  or 
responses;  and  responses,  when  made,  are  thus  based  upon  a 
weighting  of  the  input  information  and  tAke  the  form  of  a  selection 
from  among  alternative  outputs. 


Following  are  guidelines  for  assignment  of  processing  functions  to  man  and 
machine,  together  with  a  discussion  of  the  factors  which  influence  this 
assignment. 


2.2.  1 


Interpretation 


Interpretation  of  complex  physical  energy  inputs  should  be  per¬ 
formed  by  personnel. 

a.  Interpretation,  as  used  herein,  refers  to  the  capacity  to 
recognize  or  ascribe  meaning,  contextual  relations,  or 
organization  to  sensed  energy.  As  such,  it  represents  a 
first  level  of  processing.  Of  course,  any  equipment  trans¬ 
formation  involving  transducing,  filtering,  or  amplifica¬ 
tion  functions  can  be  thought  of  as  interpretation  in  the 
sense  of  simple  processing  of  signals.  However,  the  con¬ 
cern  here  is  with  situations  which  involve  more  complex 
signal  transformation  and  organization. 

b.  Because  of  his  capabilities  for  attending  to  selected  por¬ 
tions  of  his  environment,  detecting  many  forms  of  physical 
energy,  ascribing  meaning  to  them  based  on  past  experi¬ 
ence,  and  responding  with  appropriate  actions,  man  is 
more  effective  than  equipment  in  many  situations  where 
transformation  of  inputs  is  required.  This  is  most  evi¬ 
dent  in  the  perception  of  patterns  and  recognition  of  these 
patterns  in  new  or  unusual  stimulus  situations.  For  ex¬ 
ample,  this  includes  die  capabilities  of  man  to  interpret 
wave  forms  on  cathode  ray  tube  displays,  interpret  radar 
and  sonar  displays,  etc.  Examples  of  how  this  perception 
of  patterns  or  relationships  can  be  transferred  from  one 
situation  to  another  are  evidenced  in  man's  ability  to 
steer  vehicles  under  varying  environmental  conditions. 


c.  Some  limitations  of  human  interpretive  abilities  should  be 
noted: 
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(1)  Past  perceptual  experience#  influence  present  inter¬ 
pretation  and,  conversely,  current  interpretive  3  c- 
tivitiea  influence  stored  events  and  change  them  both 
qualitatively  and  quantitatively. 

(2)  The  reliability  and  content  of  signal  interpretation  is 
particularly  susceptible  to  emotional  and  intellectual 
errors  (both  constant  and  sporadic),  as  well  as  phys¬ 
ical  degradation  (decreased  sensitivity  because  of 
sensory  fatigue,  etc.  ).  This  problem  of  attaining  and 
maintaining  reliable  and  valid  human  interpretation  of 
physical  energy  can  be  mitigated  by  adequate  design 
engineering  (e.  g.  ,  information  displays),  personnel 
training  (including  practice  and  training  support  docu¬ 
ments  and  materials),  and  on-the-job  proficiency  re¬ 
inforcements,  training  and  proficiency  exercises,  etc. 

2.2.2  Generalised  Processing 

*  Generalized  information  processing  and  decision  making  should 

be  performed  by  personnel  where: 

a.  Pattern perceptionia  important  (especially  where  patterns 
may  change  in  size,  position,  or  energy  configuration  (types 
and  strength  levels)  under  different  conditions. 

b.  Long-term  storage  of  information  is  required. 

c.  Insight,  discovery,  or  heuristic  problem  solving  is  required. 

d.  Decision  making  and  learning  in  a  complex  changing  situ¬ 
ation  are  required. 

e.  Ability  to  improvise  and  adopt  flexible  procedures  is  im¬ 
portant  and,  within  the  state  of  the  art,  cannot  be  built 
into  a  machine  program. 

f.  Number  of  low-probability  events  which  might  occur  is  high 
and  the  cost  or  capacity  Of  machine  programming  is  ex¬ 
ceeded  by  the  requirement. 

g.  Inductive  reasoning  is  required,  i.  e.  ,  a  requirement  ex¬ 
ists  for  generalizations  to  be  made  from  the  specific  events. 
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2.2.4 


*  Specialized  information  processing  and  decision  making  should 

be  performed  by  equipment  where: 

a.  Deductive  logic  can  be  programmed. 

b.  Speed  and  amount  of  memory  search  or  entry  (storage)  is 
an  extensive  requirement. 

c.  Highly  complex  computations  or  logical  operations  are 
involved. 

d.  Short-term  storage  and  retrieval  of  large  amounts  of  data 
is  required. 

e.  System  functioning  requires  extremely  short  time  lags  be¬ 
tween  scheduled  events. 

f.  Many  routines,  channels,  and  memory  areas  must  be  uti¬ 
lized  simultaneously  (parallel  operation). 

g.  A  high  degree  of  repetitiveness  and  routine  is  involved  in 
the  sequence  of  tasks  or  events. 

h.  Events  are  unambiguous  and  probable  but  can  be  expected 
to  occur  only  infrequently,  e.g.,  as  in  monitoring  of  equip¬ 
ment  readiness. 


i.  Reduction  of  the  over-all  amount  of  work  load  and  activity 
for  personnel  can  be  expected  and  provided  within  system 
cost  parameters. 


Short-Term  Storage  and  Retrieval 


*  Storage  of  large  amounts  of  data  and  recall  for  short  periods  of 
time  should  be  performed  by  equipment  when: 


a.  Information  is  low  in  meaningfulness  to  the  human,  even 
though  it  may  ultimately  be  useful  to  him. 


b.  Encoding  or  identification  for  library  search  can  be  simp- 
'ler  than  the  symbolic  processes  utilized  by  humans  for  the 
purpose  of  recall. 
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c.  Rapidly  committing  large  amounts  of  information  to  stor¬ 
age  is  required,  sine*  human*  often  cannot  recall  infor¬ 
mation  and  apparently  cannot  completely  erase  learned 
material --  a  factor  which,  sometimes  creates  considerable 
unreliability  and  lack  of  validity  in  operator  performance, 

2.2.5  Long-Term  Storage  and  Retrieval 

*  Long-term  t  tor  a  go  and  recall  of  meaningful  material  of  consid¬ 
erable  contextual  complexity  should  be  performed  by  personnel 
v.'hen : 

a,  Retention  of  abstract  and  symbolic  material  and  its  selec¬ 
tive  recall  for  a  rvdds  variety  of  applications  is  required. 

b,  Modification  of  retained  material  in  the  direction  of  new 
learning  about  a  constantly  changing  environment  is 
required. 

c.  Judgment  in  situations  is  required  where  all  the  relevant 
factors  cannot  be  clearly  specified  in  advance. 

d.  Self-modifying  behavior  based  upon  retention  of  experienced 
events  is  required. 

2.  2.  6  Conditions  for  Employment  of  Personnel  for  Processing  Functions 

*  If  personnel  are  used  to  perform  information  processing  func¬ 
tions,  then  the  information  characteristics,  rate,  storage,  and 
retrieval  requirements  must  lie  within  human  capabilities. 

There  are  many  system-  and  use-determined  factors  which  affect 
human  information  processing.  Anything  which  affects  behavior  will,  in  a  broad 
sense,  affect  the  information-processing  performance  of  the  human.  This  includes 
the  compatibility  of  the  stimulus-response  situation,  the  speed,  regularity,  and 
other  conditions  of  stimulus  presentation,  the  skill  of  the  human,  the  effects  of 
practice,  the  effects  of  noise  and  irrelevant  information,  and  the  nature  of  feed¬ 
back  or  knowledge  of  results.  (These  factors  are  not  mutually  exclusive.)  These 
factors  are  discussed  below  under  five  major  headings:  Input/Output  Character¬ 
istics;  Storage  and  Retrieval  Characteristics;  Capacity;  Transfer  Function;  and 
Feedback. 


72. 


Assignment  Guidelines 


a.  Input/ Output  Characteristics 
(1)  Reaction  Time 

The  majority  of  personnel  tasks  in  the  FBM  system  in¬ 
volve  reactions  to  discrete  signals.  These  reactions  can 
be  simple  or  complex,  depending  upon  whether  or  not  the 
personnel  have  to  make  decisions  about  the  signals  to  which 
they  will  respond. 


(a)  Sensory  Mode 


For  the  three  senses  most  likely  to  be  used  (audi¬ 
tory,  visual,  and  tactual),  the  diffeiences  in  time 
lags  are  small  and  probably  insignificant  for  most, 
if  not  all,  applications.  The  following  data  are 
typical  of  reaction  times  obtained  in  studies  of  hu¬ 
man  responses  to  simple  stimuli  impinging  upon 
the  various  sense  modalities: 


Touch 

Hearing 

Vision 

Vestibular  (sense  of  balance) 
Kinesthesis  (muscle  sense) 


0.115  -0.190  sec 
0.120-0.432  sec 
0.160  -0.476  sec 
0.190  -  1.450  sec 
0.240  -  0.350  sec 


.  Odor  and  pain,  which  are  physiological  warning 
devices,  have  long  reaction  times. 

.  Reaction  time  for  combined  signals  (signals  go¬ 
ing  to  two  or  more  senses  simultaneously)  is  no 
shorter  than  for  the  one  signal  giving  the  fastest 
reaction  time. 


Implications:  The  value  obtained  from  selecting 
the  sense  to  be  used  solely  on  the  basis  of  reac¬ 
tion  time  is  small;  other  design  considerations 
are  nearly  always  more  important.  For  example, 
auditory  signals  are  poor  when  the  ambient  noise 
level  is  high;  visual  signals  are  poor  when  they 
may  appear  outside  the  normal  viewing  area  of 
the  operator. 
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(b)  Signal  Characteristics 


.  The  larger  the  size  or  area  of  a  (visual)  signal, 
the  faster  will  be  the  reaction  time,  up  to  some 
limiting  value. 

.  The  greater  the  intensity  of  a  signal,  the  faster 
will  be  the  reaction  time,  up  to  some  limiting 
value. 

(c)  Signal  Duration 

.  The  duration  of  a  signal  has  very  little  effect  on 
reaction  time  provided  the  signal  is  easily  vis¬ 
ible  or  audible.  Very  short  signals  (0.  1  second 
or  less)  may  produce  longer  reaction  times;  how¬ 
ever,  their  main  disadvantage  is  the  likelihood 
that  they  may  not  be  noticed  at  all. 

.  Although  no  general  relationships  have  been  es¬ 
tablished,  the  quality  of  certain  signals  does 
evoke  faster  reaction  times.  For  example,  high 
frequency  sounds  have  a  slightly  faster  reaction 
time  than  low  frequency  sounds. 

.  There  is  a  faster  reaction  time  to  visual  signals 
which  strike  the  center  rather  than  the  periphery 
of  the  eye. 

.  There  is  no  difference  in  simple  reaction  time  to 
flashing  or  steady  signals.  However,  when  one 
intermittent  signal  has  to  be  distinguished  from  a 
steady  one,  reaction  time  is  directly  related  to 
the  flash  length  of  the  intermittent  signal,  because 
flashing  and  steady  signals  are  indistinguishable 
until  the  flash  is  ended. 

•  frftpfica-tiofls1  Visual  signals  should  be  of  suffici¬ 
ent  size,  brightness,  and  duration  to  be  easily 
and  obviously  seen.  (Detailed  recommendations 
for  their  design  are  presented  in  Volume  E).  Dur¬ 
ation  should  never  be  less  than  0.5  second,  and, 
where  applicable,  the  signal  should  last  until  the 
appropriate  response  has  been  made.  Nothing  is 
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gained  in  speed  by  using  a  flashing  signal  rather 
than  a  steady  one.  However,  in  many  applications 
a  flashing  signal  is  preferred  to  a  steady  one  be¬ 
cause  of  its  greater  attention -demanding  value. 
Important  signals  should  be  placed  in  front  of  the 
operator  or  as  close  to  this  location  as  possible. 
Auditory  signals  should  be  sufficiently  different 
from  the  prevailing  noise  background  to  be  easily 
and  obviously  heard.  Signal  duration  should  be 
at  least  0.5  second,  and,  where  applicable,  the 
signal  should  last  until,  the  appropriate  response 
has  been  made. 


In  some  instances  the  signals  which  are  to  be  re¬ 
sponded  to  may  not  be  perfectly  discriminable 
(distinguishable)  from  each  other.  The  act  of 
discrimination  takes  time;  the  more  difficult  the 
discrimination,  the  longer  the  time.  Reaction 
time  is  a  sensitive  measure  of  the  observer's 
uncertainty,  so  that  when  he  is  just  barely  cap¬ 
able  of  making  a  correct  judgment,  the  extra 
effort  is  reflected  in  a  longer  reaction  time  . 

As  the  number  of  available  signals  increases,  the 
time  required  to  respond  to  any  one  aleo  increases. 
(See  discussion  on  channel  capacity,  pg.  79,  this 
volume.  ) 

There  are  three  important  cases  when  the  above 
statements  do  not  apply: 

When  all  possible  signals  are  not  equally 
likely  to  occur.  The  most  likely  signals  will 
have  the  shortest  reaction  time;  the  least  likely 
will  have  the  longest. 

-  When  the  signals  can  be  grouped  in  some 

meaningful  way.  Reaction  time  will  tend  to  be 
proportional  to  the  number  of  groups  rather  than 
to  the  number  of  separate  signals. 

When  the  signals  are  sequentially  arranged. 

Once  the  operator  learns  the  arrangement, 
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reaction  time  will  be  a  function  of  the  number 
of  signals  which  can  occur  at  the  next  sequen¬ 
tial  step. 

.  Reaction  time  is  generally  lengthened  more  when 
discriminability  is  reduced  than  when  the  number 
of  signals  is  increased. 

.  Implications:  The  number  of  signals  should  be 
kept  to  a  minimum  for  the  required  task;  each 
additional  signal  will  inc  reate  the  time  required 
to  respond  to  any  one.  When  the  signals  are  not 
independent,  they  should  be  arranged  in  such  a 
way  that  the  operator  can  easily  see  their  rela¬ 
tionships.  Instruments  should  be  so  designed  and 
arranged  as  to  facilitate  human  reception  of  sig¬ 
nals.  (Detailed  recommendations  for  instrument 
design  and  panel  layout  are  given  in  Volume  2. ) 

(2)  Stimulus -Response  Compatibility 

In  general,  the  more  compatible  the  stimulus  with  the  re¬ 
sponse,  the  greater  the  rate  of  information  processing.  + 
Among  the  relevant  considerations  for  stimulus -response 
compatibility  are  the  past  experiences  of  the  human,  popu¬ 
lation  stereotypes  (e.  g. ,  the  OFF  position  of  light  switches 
in  England  is  "up"),  the  parallelism  between  the  stimulus 
presentation  and  the  response  media,  and  the  nature  of  the 
encoding  required  by  the  situation.  Under  certain  condi¬ 
tions,  for  example,  verbal  responses  to  visual  inputs  will 
result  in  an  information  transmission  rate  greater  than 
manual  responses  to  these  same  stimuli. 

(3)  Encoding  Requirements 

The  nature  and/or  degree  of  encoding  involved  in  the  task 
is  thus  an  important  aspect  of  stimulus- response  compati¬ 
bility.  The  easier  the  encoding  requirement,  the  greater 


+  Stimulus-response  compatibility  refers  to  the  interaction  effects  of  the  nature 
and  mode  of  stimulus  presentation  with  the  nature  and  mode  of  the  response 
medium.  It  essentially  determines  the  amount  of  enco  ing  which  the  man  must 
perform. 
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will  be  the  rate  of  information  transmission  for  any  set  of 
stimulus  alternatives. 

(4)  Statistical  Characteristics 


The  assignment  of  response  categories  on  the  basis  of  the 
statistical  properties  of  the  stimulus  and  response  alter¬ 
natives  will  improve  the  rate  of  information  transmission, 
i.  e.  ,  the  faster  and  more  easily  made  responses  should  be 
paired  with  the  more  frequently  occurring  stimuli.  The 
Morse  code  is  based  upon  this  principle,  with  the  most 
frequently  occurring  letter,  -'e,  "  encoded  as  the  simplest, 
briefest  response,  "dot.  " 

(5)  Data  Presentation  Characteristics 


The  speed,  intermittence,  and  other  conditions  associated 
with  the  presentation  of  signals  to  an  operator  will  affect 
the  rate  of  information  processing.  Up  to  a  point,  in¬ 
creasing  the  rate  of  information  presentation  will  increase 
the  rate  of  information  transmission  (see  discussion  on 
capacity  under  (8),  below)  As  the  time  between  signals 
becomes  longer  and/or  more  variable,  the  rate  of  infor¬ 
mation  processing  will  decrease  and  performance  will,  be 
mere  variable.  If  the  conditions  of  data  presentation  pro¬ 
vide  partial  or  complete  advance  (anticipatory)  informa¬ 
tion  about  the  (n  +  l)4*1  input  stimulus  while  the  operator 
is  still  responding  to  the  nth  stimulus,  the  rate  of  infor¬ 
mation  transmission  will  generally  be  increased. 

(6)  Self-  vs.  Machine -Pacing 

For  tasks  which  continue  for  an  extended  period  of  time, 
the  average  amount  of  information  processed  will  usually 
be  greater  when  the  operator  can  control  the  rate  of  in¬ 
put  signals  (self-pacing)  as  opposed  to  conditions  where 
the  input  rate  ie  controlled  by  external  conditions  such  as 
machine  cycle  time  (machine-pacing).  This  occurs  be¬ 
cause  time  loet  can  be  regained  in  a  self-paced  but  not  in 
a  machine-paced  task. 

(7)  Skill  and  Training 

With  respect  to  skill  level  and/or  the  effects  of  practice, 
the  rate  of  information  processing  will  increase  up  to 
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some  limit  as  a  consequence  of  practice  and/or  increased 
skill.  Practice  results  in  greater  selectivity  in  what  the 
human  attends  to,  elimination  of  unnecessary  response  com¬ 
ponents,  and  an  improvement  or  refinement  of  necessary 
response  components. 

(8)  Noise 


The  presence  of  "noise"  (interference  during  the  presen¬ 
tation  of  input  stimuli)  will  adversely  affect  the  rate  of 
information  processing.  Also,  the  amount  of  irrelevant 
material  through  which  the  human  must  search  in  order  to 
detect  or  identify  the  relevant  signal  will  degrade  informa¬ 
tion  processing  performance.  Practice  will  assist  only  to 
a  degree  in  overcoming  the  effects  of  noise  arid  irrelevant 
material. 

b.  Storage  and  Retrieval  Characteristics 

It  can  be  expected  that  the  degree  to  which  any  material  will  be 
stored  will  be  determined  not  just  by  the  passage  of  time,  but 
by  such  factors  as  are  described  below: 

( 1 )  Conditions  under  which  the  Information  is 
Committed  to  Storage 

(a)  The  greater  the  degree  of  original  learning,  the  bet¬ 
ter  the  retention.  Overlearning  importantly  assists 
human  storage. 

(b)  Practice  distributed  over  the  learning  period  is  es¬ 
pecially  helpful  in  promoting  retention.  Distributed 
practice  and  rehearsals  are  generally  more  effective 
than  massed  or  highly  concentrated  sessions,  especi¬ 
ally  for  large  amounts  of  complex  information. 

(c)  Material  with  a  high  degree  of  meaning  to  the  human 
is  better  retained  than  less  meaningful  data  such  as 
codes  and  abstract  symbols. 

(d)  Dissimilar  material  events  are  retained  better  than 
similar  material.  Increased  similarity,  short  of 
identity,  between  two  activities  being  committed  to 
storage  generally  will  result  in  increased  forgetting. 


78. 


Assignment  Guidelines 


(e)  Long  lists  or  sequences  of  material  to  be  committed 
to  storage  generally  produce  differential  retention; 
the  beginning  and  end  of  the  material  are  retained 
better  than  the  intervening  material. 

(2)  Activities  of  the  Human  Before,  During,  and 
After  Initial  Storage  of  Information 

Increasing  the  amount  of  additional  learning  between  suc¬ 
cessive  recalls  of  stored  material  decrease  s  the  retention 
of  that  material.  Rehearsal  of  the  stored  material,  how¬ 
ever,  generally  helps  retention. 

(3)  Conditions  of  Retrieval  from  Storage  (e.g.,  Recall, 
Recognition,  Reproduction,  Relearning) 

Information  retrieval  from  memory  is  ginerally  enhanced 
by  duplicating  the  original  stimulus  and  environmental  con¬ 
ditions  under  which  the  information  was  committed  to 
storage. 

c.  Capacity 

The  information  handling  capacity  of  the  human  operator  is 
typically  defined  in  terms  of  speed  and  accuracy  of  task  per¬ 
formance  or  in  terms  of  the  maximum  amount  of  information 
which  can  be  processed  per  unit  of  time  (these  terms  may  be 
shown  to  be  equivalent).  By  "information  processed"  is  meant 
the  number  of  equivalent  binary  decisions  (bits)  involved  in  the 
information  processing. 

Specific  values  for  human  processing  capability  are  dependent 
upon  many  system-  and  use -determined  factors.  Since  the  hu¬ 
man  information  processing  is  always  specific  to  the  conditions 
under  which  the  measurements  are  obtained,  it  is  only  really 
meaningful  to  talk  about  the  man-machine  information  channel 
rather  than  the  human  channel.  For  example,  in  situations 
where  the  input  information  varies  along  a  single  dimension 
(such  as  color,  brightness,  loudness,  or  pitch)  and  the  task  re¬ 
quires  an  absolute  judgment  about  the  stimulus  in  terms  of  this 
dimension,  the  human  is  capable  of  processing  approximately 
3  to  4  hits  of  information  per  t  'imulus  event.  +  That  is,  the 

+  Absolute  judgment  refers  to  a  categorization  or  identification  of  the  signal  or 
stimulus  itself  as  opposed  to  a  comparative  judgment,  in  which  the  stimulus 
is  evaluated  relative,  in  some  respect,  to  another  stimulus. 
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human  can  only  identify  absolutely  from  8  to  16  steps  along  any 
single  sensory  dimension.  While  some  differences  do  exist  be¬ 
tween  the  human  sensory  channels  in  this  respect,  the  process¬ 
ing  is  usually  similar. 

The  addition  of  other  dimensions  (e.  g.  ,  color,  sise,  shape, 
brightness)  to  the  stimulus  will  increase  the  processing  ability 
of  the  man-machine  channel  in  absolute  judgment  situations. 
However,  the  increase  resulting  from  adding  dimensions  is  at 
an  apparently  decreasing  rate  of  change;  the  addition  of  a  third 
dimension  increases  processing  ability,  but  the  amount  of  in¬ 
crease  is  leas  than  that  observed  when  the  second  dimension 
was  added,  and  so  on  for  further  dimensional  additions.  How¬ 
ever,  it  should  be  mentioned  that,  while  the  addition  of  stimulus 
dimensions  appears  to  increase  the  total  information  process¬ 
ing  capability  of  the  human  channel,  the  accuracy  with  which 
judgments  are  made  decreases  with  respect  to  any  particular 
dimension.  Thus,  the  over -all  result  is  one  of  an  apparently 
fixed  man-machine  charnel  characteristic  of  3  to  4  bits  per 
stimulus  or  input  event. 

The  channel  capacity,  or  maximum  information  processing  rate 
of  a  man-machine  channel,  appears  to  be  directly  related  to  hu¬ 
man  reaction  time  (see  discussion  on  pg.  73  ,  this  volume). 
Measures  taken  in  hundreds  of  experiments  all  indicate  that 
simple  reaction  time  to  a  single  stimulus  (in  a  "no  choice"  situ¬ 
ation)  is  of  the  order  of  .  12  to  .25  seconds.  Experiments  on 
the  time  to  react  to  one  of  several  alternative  stimuli  (so-called 
"choice"  or  "complex"  reaction  time)  increases  as  a  logarith¬ 
mic  function  of  the  number  of  possible  stimuli  closely  approxi¬ 
mated  by  the  following  formula: 

Complex  Reaction  Time  *  K  loga(n+  1) 

where  n  is  the  number  of  equally  likely  alternative  stimuli  and 
K  varies  from  0.  13  to  0.  19  seconds.  The  term  (n+1)  includes 
the  ever-present  additional  alternative  of  reacting  or  not  re¬ 
acting.  Thus,  if  simple  reaction  time  represents  the  minimum 
time  in  which  the  binary  judgment  between  stimulus  presence  or 
absence  can  be  processed  by  man,  then  his  maximum  possible 
rate  of  information  transmission,  or  capacity,  is  simply  the 
inverse  of  his  shortest  simple  reaction  time,  or  about  8  bits 
per  second. 
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Man-machine  information  handling  capability  is  summarized 
in  Fig.  2-11,  which  is  a  generalized  plot  of  the  results  of  sev¬ 
eral  varied  experiments.  Fig.  2-11  indicates  a  fall-off  at 
both  high  and  low  information  presentation  rates  for  a  man- 
machine  channel  as  compared  to  an  ideal  or  perfect  noiseless 
channel.  Physically  realizable  equipment  channels  show  an 
over-load  fall-off  at  higher  rates  (the  specific  capacity  de¬ 
pends  entirely  on  the  channel  design)  but  not  at  the  lower  rates. 
This  "vigilance  decrement"  (see  this  volume,  pg.  66  et.  seq.  , 
for  discussion)  appears  to  bo  characteristic  only  of  man-ma¬ 
chine  channels. 


Fig.  2-11.  Idealized  graph  showing  man-machine 
channel  capacity 


ty  of  Error 


Assignment  Guidelines 


Fig.  2-11  has  been  replotted  in  a  different  way  to  indicate  the 
effect  of  information  presentation  rate  upon  errors  produced 
by  a  man-machine  channel.  This  is  shown  in  Fig.  2-12.  Al¬ 
though  the  two  graphs  are  equivalent,  Fig.  2-12  emphasizes 
the  fact  that  there  appears  to  be  a  broad  optimum  information 
presentation  rate  for  minimizing  errors  in  man-machine  chan¬ 
nels  in  the  vicinity  of  1/3  to  3  bits  per  second.  The  reader  is 
invited  to  sort  playing  cards  without  error  by  color  (1  bit  per 
card}  or  suit  J2  bits  per  card),  being  careful  to  subtract  card 
handling  time,  and  measure  his  own  processing  rate.  He  will 
find,  as  is  usual  in  self-paced  tasks  of  this  nature,  that  his 
processing  rate  is  within  this  range. 


to  100  1000  10.000  100,000  1,000.000 

Information  Presentation  Rat*  in  Bits/Hour 


Fig.  2-12.  Idealized  graph  showing  error  probability  of  a 
man-machine  channel  as  a  function  of  informa¬ 
tion  presentation  rate 
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d.  Transfer  Function 

For  continuous  control  tasks  such  as  manual  star  tracking  with 
the  Type  11  periscope  or  manual  control  of  submarine  steer¬ 
ing  and  diving,  the  nature  of  the  information  processing  which 
personnel  are  called  upon  to  perform  is  quite  different  than 
the  processing  functions  previously  described.  In  these  and 
similar  instances,  the  man  is  required  to  act  as  an  element  in 
a  closed-loop  control  or  "servo"  system;  as  Buch,  he  must  pro¬ 
vide  a  dynamic  input/ output  relationship  which  minimizes  some 
measure  of  servo  system  error. 

A  typical  system  block  diagram  of  such  a  servo  system  is 
shown  in  Fig.  2-13. 


GS(S) 


Fig.  2-13.  A  generalized  closed-loop  manual  control  system 


In  it,  man  acts  as  sensor,  processor,  and  actuator;  he  receives 
signals  from  the  display,  transforms  them  in  accordance  with 
a  transfer  function  into  temporal  force  patterns,  and  manipu¬ 
lates  a  control  in  accordance  with  the  generated  force  patterns. 

Out  of  the  last  decade  of  work  in  this  area  there  has  emerged 
the  realization  that  the  human  transfer  function  is  largely  de¬ 
termined  by  the  dynamics  of  the  forcing  function  and  of  the  sys¬ 
tem  which  he  is  controlling.  This  dependency  can  be  demon¬ 
strated  quite  easily.  Using  the  symbols  adjacent  to  the  system 
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elements  in  Fig.  2-13  to  represent  the  transfer  functions  in  the 
complex  frequency  domain  of  each  element,  the  actual  closed- 
loop  transfer  function  Gal(S)  of  the  over-all  system  may  be 
written  as: 


GAi.(s>  “ 


Gd(S)  Gm(S)  Gc(S)  Gk(S) 

1  -  GS(S)  Gd(S)  Gm(S)  Gc(S)  Gk(S) 


Mow  let  GDL(S)  represent  the  desired  closed-loop  input/output 
relationship  for  the  system.  Then, 


c;DL(S) 


In  order  for  the  system  to  perform  in  accordance  with  the  fore¬ 
going  mathematical  statement,  the  man's  processing  charac¬ 
teristics  (i.  e.  ,  transfer  function)  must  approximate  the  following 
form: 


_ Gdjl(S) _ 

CM<S)  -  [1  +  Gdl(S)  ]  GS(S)  GDIS)  Gc(S)  Gk(S) 

This  clearly  shows  that  the  man  must  compensate  for  the  dis¬ 
play,  control,  and  system  dynamics  in  a  rather  direct  way. 

The  results  of  many  studies  of  human  behavior  in  continuous 
control  systems  of  this  nature  point  towards  a  generalized  trans¬ 
fer  function  for  the  "human  servo  element"  of  the  following 
form: 

Ke""1'*  {1  +  TlS) 

GM<s)  =  (1  +  TnS)  (l  +  TjtS)) 

where 

CM(S)  =  human  transfer  function 

K  -  ratio  of  output  position  signal  to  input  position  signal 

T  =  time  lag  between  cignal  occurrence  and  initial  re¬ 

sponse  (0. 2  to  0.  5  seconds) 

Tjj  =  neuro-muscular  time  lag  (0.  1  to  0.  16  seconds) 
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Tj_,  »  lead  time  constant  (0.  25  to  2.  5  seconds) 

Tj  *  lag  time  constant  (5.  0  to  20  seconds) 

S  b  complex  frequency  argument 

Based  upon  empirical  results,  Fogel(?)  has  suggested  that  a 
manual  closed-loop  vehicular  control  system  should  have  the 
characteristics  shown  in  Fig.  2-14.  in  order  to  make  best  use 
of  the  man  in  a  servo  element. 


Error 


(1  +  0.25  S)(  1  +  0.25  S) 


-M  Man 


S  (1  +  0.5  S) 


Fig.  2-14.  Vehicular  system  dynamics  recommended 
by  Fogel,  based  on  survey  of  experimental 
studies  and  related  data 


Birmingham  and  Taylor  have  stated  that  system  dynamics 
in  any  kind  of  manual  control  system  should  be  so  designed  as 
to  require  that  the  man  act  as  a  simple  low  pass  amplifier  with 
a  corner  frequency  at  about  3  radians/ sec.  A  more  detailed 
discussion  of  man  as  a  servo  element  may  be  found  in  these 
two  excellent  references. 

e.  Feedback,  or  Knowledge  of  Results 

Analysis  of  human  data  processing  activies  reveals  few  if  any 
open-loop  activities,  i..e.  ,  activities  wherein  some  feedback 
of  what  happened  or  what  is  about  to  happen  is  not  available  to 
the  human  in  some  form.  In  fact,  it  appears  that  any  activity 
of  which  a  human  is  a  part  either  as  an  initiator  of  events  or 
as  a  link  in  a  series  of  events  is  in  essence  a  closed-loop  sys¬ 
tem.  The  performance  o*  personnel  can  be  optimized  by  pro¬ 
viding  them  with  proper  feedback  of  information  about  themselves 
and  their  performance.  Information  concerning  ths  correct¬ 
ness  of  his  action  enables  the  hirman,  as  a  self-correcting 
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system  element,  to  refine  his  action)  si  and  correct  further.  By 
social  habit,  the  human  operator  seeks  confirmation  of  his  self- 
concept  in  every  action  and,  inasmuch  as  his  reactions  to  spe¬ 
cific  system- related  stimuli  are  intrinsically  bound  up  with  his 
emotions  and  intellectual  functioning,  the  whole  man  is  affected 
by  the  need  for  information  feedback.  Thus,  feedback  becomes 
an  intrinsic  requirement  for  human  information  processing. 
This  feedback  is  not  limited  to  results  of  actions  already  carried 
out;  it  may  also  include  anticipatory  feedback  or  prediction  of 
future  events.  It  is  not  at  all  surprising  then  that  the  need  for 
adequate  and  timely  information  presentation  is  acute  in  most 
man-machine  functions. 

The  over-all  adequacy  of  feedback  information  can  be  judged 
by  it*  content  and  timeliness.  Content  considerations  in  any 
particular  situation  largely  involve  the  relevancy  and  amount 
of  information  presented  to  the  human  as  well  as  the  sensory 
mode  through  which  the  information  is  channelled.  The  more 
precise  the  information  required,  the  more  the  need  for  pre¬ 
cisely  relevant  and  substantive  feedback  information.  Timeli¬ 
ness  considerations  involve  the  temporal  relationships  among 
the  amount  of  information  available,  the  time  which  the  oper¬ 
ator  has  to  utilize  it,  and  the  speed  with  which  the  operator 
can  acquire  it  and  put  it  to  lse. 

2.  3  Actuating 

Thus  far,  we  have  considered  the  comparative  aspects  of  personnel  ar-d 
equipment  with  regard  to  sensing  and  processing  of  infer  nation.  It  ir  evident 
that  apparatus  can  be  supplied  to  augment  manta  sensing  and  processing  capabili¬ 
ties  and  that  man  can  augment  strictly  equipment  capabilities,  In  this  section, 
the  actuating  or  control  function  will  be  considered,  together  with  compa.rati’-e 
man  and  machine  capabilities  to  control,  modify,  manipulate,  move  around  in, 
and  otherwise  affecthi.  environment.  Again,  the  system  designer  can  extend  the 
effectiveness  of  both  man  and  machine  by  careful  application  of  available  informa¬ 
tion  about  their  relative  advantages  and  limitations.  The  terms  of  reference  are 
presented  below,  followed  by  guidelines  for  assignment  ol  actuating  functions  to 
man  and  machine. 

Personnel  and  equipment  differ  in  the  overtness  of  actuating  perform¬ 
ances.  The  concept  of  actuation,  when  applied  to  personnel  and  equipment  thus 
may  not  always  have  the  same  meaning.  Actuation  generally  connotes  overt  or 
observable  movement.  Most  machine  reactions  to  stimuli  are  overt,  e.  g.,  me¬ 
chanical,  electrical,  etc.  ,  and  can  easily  be  classified  as  actuations.  Human 
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reactions  to  impinging  signals,  however,  are  not  always  observable  ana,  in  some 
instances,  are  not  even  easily  measurable  (e.g.,  an  emotional  response  to  some 
stimulus  pattern  or,  again,  the  intellective  grasping  of  stimulus  relationships  as 
in  a  thought  process).  Personnel  are  capable,  then, of  non- observable  actuating 
responses  to  impinging  stimuli.  It  ie  important  to  recognize  that  a  man  can, 
upon  appropriate  signals,  place  into  action  a  chain  of  varied  events  which  c.in 
occur  entirely  within  himself  and  which  are  extremely  hard  to  make  explicit. 

Man's  verbal  response  capacities  also  set  him  off  as  distinct  from  and  vastly 
more  flexible  (for  most  circumstances)  than  his  equipment.  Indeed,  ‘lie  ability 
to  make  meaningful  verbal  responses  makes  man  unique  among  existing  animals 
and  machines.  The  ability  to  respond  through  varied  language  media  enables 
personnel  to  communicate  not  only  with  their  equipment,  but  also  --  and  pri¬ 
marily  --  with  other  personnel. 

Personnel  and  equipment  exhibit  similar  motor  performance  character¬ 
istics.  The  concept  of  actuation  also  is  inextricably  related  to  motor  performance 
(or  movement),  both  for  personnel  and  for  equipment.  Three  types  of  movement 
can  be  identified  for  both  the  human  and  comparable  actuating  equipment: 

.  Isometric  or  "static"  movements  are  those  wherein  the  prime  task 
of  the  actuating  mechanism  is  to  maintain  its  position.  Little  ac¬ 
tual  movement  is  accomplished,  but  work  energy  is  expended  to 
maintain  tne  desired  position. 

.  Positioning  movements,  whether  momentary,  repetitive,  or  con¬ 
tinuous,  generally  involve  the  actuation  of  a  structural  member 
first  in  the  desired  spatial  direction  and  secondarily  to  the  speci¬ 
fied  spatial  locus.  For  example,  actuating  a  crane  involves  a  gross 
positioning  and  directing  of  the  apparatus  and  then  the  finer  move¬ 
ment  of  the  equipment  extremities.  In  the  discussion  of  human 
positioning  movements,  we  commonly  refer  to  reaction,  time  (time 
to  begin  or  to  complete  (depending  on  the  situation)  an  overt  action) 
as  the  important  measure. 

.  Adjustive  or  continuous  action  is  a  third  type  of  actuation  usually 
involving  close-tolerance  positional  and  rate  movements.  Adjus¬ 
tive  movements  normally  occur  in  a  continuous  reaction  task  wherein 
the  information  available  in  a  closed-loop  system  is  changing.  Per¬ 
sonnel  as  well  as  equipment  exhibit  closed-loop  servo  performance 
characteristics.  Each  can  respond  with  a  predictable  characteristic 
--  or  nearly  so  --  to  indicate  positional  and  rate  changes  in  a  dy¬ 
namic  information  control  system.  In  discussions  of  human  adjust¬ 
ive  behavior  we  commonly  refer  to  timing  as  the  appropriate  time 
dimension  of  the  response. 
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Personnel  and  equipment  both  exhibit  measurable  actuating  character- 
isticsaslong  as  the  actuation  response  is  overt.  Work  energy  is  usually  expen¬ 
ded  in  the  actuation  response  —  that  is,  a  force  is  distributed  in  both  time  and 
space.  Function  allocations  to  personnel  and/or  equipment  must  take  into  ac¬ 
count  at  least  these  four  measurable  characteristics  of  actuating  responses: 

.  Speed  of  actuation. 

.  Accuracy  and  precision  of  performance. 

.  Force  and  strength  of  response. 

.  Reliability  of  performance. 

The  factors  listed  above  may  appear  in  any  type  of  actuation. 

2.  3.  1  *  Where  speed,  accuracy,  and/or  reliability  of  actuation  is  crit¬ 

ical,  equipment  should  perform  the  actuating  tasks. 

Personnel  usually  cannot: 

a.  Act  as  fast  as  comparable  actuating  mechanisms. 

b.  Exert  as  much  force  as  comparable  actuating  mechanisms. 

c.  Ac.  as  reliably  in  a  completely  defined  actuation  function. 

d.  Perform  reliably  in  as  wide  a  range  of  incompatible  or  in¬ 
clement  environments  as  selected  comparable  equipment. 

e.  Actuate  many  things  at  once  (parallel  operation). 

2.3.2  *  Where  complex  actuations  requiring  flexibility,  adaptability, 

and  coordination  are  required,  personnel  should  perform  the 
actuating  tasks. 

Personnel  ueually  can: 

a.  Learn  complex  actuation  principles  and  relationships. 

b.  Exhibit  variety  in  the  repertoire  of  possible  actuation  meth¬ 
ods  and  principles. 

c.  Develop  highly  refined  and  coordinated  motor  movements. 
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d.  Combine,  in  one  unit,  a  continuously  operating  adaptable 
closed-loop  control  mechanism  with  wide  capacities  for 
resolving  time-dependent  problems  (e.  g.  ,  involving  pre¬ 
diction,  the  utilization  of  stored  experience,  etc.  ). 

e.  Combine  sensor,  processor,  and  actuator  functions. 

2.  3.  3  *  When  personnel  must  perform  actuating  tasks,  human  actuat¬ 

ing  characteristics  must  be  taken  into  account  in  system  design. 

Most  human  actuating  characteristics  are  directly  relevant  to 
equipment  and  component  design  and  have,  therefore,  been  included  in  appropri¬ 
ate  parts  of  Volume  2,  "Design  of  Equipment.  "  Attention  is  especially  directed 
to  the  following  parts  of  Volume  2: 

.  Pp.  113-115  for  a  discussion  of  operator  strength  and  force 
capacity. 

.  Pp.  123-145  for  specific  design  requirements  for  hand  con¬ 
trols  as  related  to  human  actuating  characteristics. 

.  Pp.  147-154  for  specific  design  requirements  for  verbal 
communications  equipment  as  related  to  human  speech 
characteristics. 

.  Pp.  159-184  and  210-215  for  specific  design  requirements 
for  panels,  consoles,  and  seats  as  related  to  dimensional 
characteristics  of  the  human  body. 

.  Pp.  276-277  and  282-285  for  specific  design  requirements 
for  improving  maintainability  as  related  to  human  body  di¬ 
mensions  and  weight-lifting  capability. 

3  Evaluation  of  Task  Assignments 

It  is  important  to  recognize  that  there  are  always  alternatives  to  a  particular 
system  design  and  that,  once  a  particular  system  concept  has  been  selected  for 
further  study  or  development,  there  will  be  alternative  ways  of  mechanizing  it. 
This  section  is  concerned  with  evaluation  of  alternative  mechanizations  from  a 
man-machine  standpoint.  Only  general  advice  can  be  given  in  this  area,  since 
the  bases  for  and  methods  of  evaluation  will  differ  in  every  instance. 
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3.  1  Criteria 

The  basis  for  comparison  of  two  alternatives  is  called  a  criterion  or  a. 
set  of  criteria.  Following  is  a  list  of  some  of  tile  more  important  criteria  ob¬ 
served  in  human  factors  work  on  the  FBM  system: 


Speed  or  its  inverse,  performance 
time  (mean  and  variability) 

Accuracy  (deviation)  and  precision 
(variability) 

Error  probability 

Dependability  (maintainability  and 
reliability) 

Adaptability  (of  system  to  changes  in 
requirements,  equipment  design,  or 
operating  conditions) 

Mobility  (e.  g.  ,  of  test  equipment) 

Complexity 

Graceful  degradation  (ability  to  con¬ 
tinue  to  operate  although  at  substand¬ 
ard  levels  of  performance) 

Weight 

Space 

Feasibility  (hardware  state  of  the  art 
or  human  limitations) 

Personal  involvement  (extent  to 
which  per  sonnel  identify  thems  elv e s 
with  their  tasks  or  are  aware  of  sys¬ 
tem  operation) 


Personnel  quantity  and  quality 

Personnel  hazard  and  risk  of  equip¬ 
ment  damage 

Tactical  delivery  schedule  (time  for 
system  to  become  operational) 

Equipment  weight  and/or  volume 

Training  costs  (personnel,  time, 
facilities) 

Manning  level  (includes  shift  weight¬ 
ing  factor) 

Development  cost  (including  program- 
ming) 

Logistics  costs  and  policy  (pipeline  and 
spares  provisioning  policies) 

Equipment  unit  cost  in  production  (in¬ 
cluding  spares) 

System  environment  (ability  to  oper¬ 
ate  under  various  climatic,  terrain, 
socio/psychological,  political,  and 
other  conditions) 
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3.2  Evaluation  Schemes 


Theoretically,  each  system  operating  or  maintenance  task  may  be  as¬ 
signed  some  "effectiveness"  numbers  which  represent  the  suitability  of  different 
man-machine  "mixes"  in  getting  the  task  done.  Given  a  reliable  matrix  of  these 
numbers,  a  planner  could  try  out  various  approaches  to  an  optimum  allocation  of 
tasks  to  man  and  machine. 

An  effectiveness  number  must  be  related  in  a  definite  way  to  the  cri¬ 
teria  which  prevail  in  the  real  situation;  some  means  must  exist  for  "mapping" 
values  back  and  forth  from  the  criterion  dimensions  to  the  effectiveness  scale. 
In  the  preceding  paragraph  we  have  mentioned  some  of  the  criteria  which  apply 
to  the  common  classes  of  system  tasks.  How  is  one  to  "map"  these  dimensions, 
let  alone  combine  them? 

A  start  can  be  made  by  recognising  that  same  criteria  which  are  phys¬ 
ically  continuous  (or  otherwise  inconvenient)  can  be  handled  in  terms  of  a  limited 
number  of  discrete  levels.  Thus  a  weight  criterion  for  an  FBM  checkout  device 
might  have  only  three  values  for  practical  purposes  because  these  three  repre¬ 
sented  the  major  model  possibilities  foreseen  by  the  technology.  These  values 
might  be  61  pounds  for  a  minimum  built-in  test  panel,  108  pounds  for  a  more 
inclusive  array  of  test  indicators,  and  220  pounds  for  an  elaborate  switching  cen¬ 
ter,  Similarly,  "ease  of  interpretation"  levels  could  be  defined  and  the  possible 
"candidates"  might  be  few  indeed. 

With  about  half  a  dozen  major  criteria  and  only  a  few  levels  on  each  di¬ 
mension,  the  possibility  exists  of  deriving  paired-preference  values  across  the 
different  criteria.  A  military  authority  or  technological  expert  might,  for  ex¬ 
ample,  be  willing  to  choose  which  of  two  discrete  "situations"  would  be  most 
advantageous  to  a  given  weapon  system  mission.  The  situations  would  be  con¬ 
trived  to  pit  one  criterion  against  another  in  a  systematic  fashion,  though  as  far 
as  the  judge  is  concerned,  he  is  simply  making  a  choice  from  among  two  alter¬ 
natives  at  a  time. 

The  statistical  treatment  of  such  data  would  depend  on  the  qualifications 
of  the  judges,  their  confidence  and  unanimity  in  assignment,  and  the  assumptions 
that  one  is  willing  to  make  about  the  utility  function  being  sought.  If  a  set  of 
alternatives  can  be  reliably  ranked,  and  if  a  "difference  order"+  exists  in  these 
rankings,  t';en  utility  numbers  can  be  obtained  with  surprisingly  few  additional 


+  In  a  supply  framework,  a  logistics  planner  might  assert  that  he  would  rather 
replace  X  with  Y  than  replace  A  with  B.  "Replace  X  with  Y"  is  a  difference, 
and  the  preference  relation  between  such  differences  is  a  difference  order. 
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assumptions.  The  meaningfulness  of  the  numbers  is  still  controversial  and 
must  be  determined  by  applying  them  over  a  wide  range  of  circumstances.  Never¬ 
theless,  such  methods  deserve  study  and  application. 

To  implement  such  an  approach,  the  following  steps  would  be  involved: 

.  Select  a  mission  phase  and  subsystem. 

.  List  the  major  criteria  that  will  apply  to  the  situation. 

.  Formulate  via  heuristic  methods  the  major  feasible  subsystem  con¬ 
figurations  for  the  situation,  if  possible  reflecting  the  principal  cri¬ 
teria  by  discrete  equipment  and  man-machir.e  role  differences, 

.  Arrange  the  feasible  criterion  levels  systematically  into  paire.  + 

.  Obtain  rankings  of  criterion  combinations  and  difference-order 
data  if  possible. 

.  Derive  utility  numbers  for  each  criterion. 

The  above  procedure  serves  to  emphasize,  via  the  utility  measure,  which 
criteria  deserve  the  most  attention  from  the  man-machine  task-designation  stand¬ 
point.  It  might  happen,  for  instance,  that  the  criteria  which  come  out  with  the 
highest  utility  values  are  not  particularly  sensitive  to  man-machine  "ability"  dif¬ 
ferences,  in  which  case  subsidiary  values  such  as  cost  or  convenience  could 
decide  the  final  configuration.  For  those  cases  where  the  criteria  with  high 
utilities  do  have  the  possibility  of  being  instrumented  by  either  manual  or  auto¬ 
matic  method,  the  planner  will  probably  have  to  refer  back  to  the  unique  capabilities 
of  the  human  and  the  device  and  to  perform  some  more  or  less  systematic  weight¬ 
ing  of  alternatives.  The  "suitability"  of  man  or  machine  for  the  different  criteria 
is  naturally  complicated,  but  some  rough  guides  can  be  stated  for  a  start.  In 
Table  2-9,  for  instance,  the  numbers  indicate  the  general  advisability  of  assign¬ 
ing  tasks  according  to  the  criteria.  Thus,  the  man  gets  a  high  "grade"  of 
three  on  flexibility,  a  Low  grade  on  speed,  and  so  forth.  In  the  same  way,  the 
machine  is  high  on  speed,  etc.  These  numerical  values  were  arbitrarily  assigned 
and  may  be  modified  drastically  for  a  given  subsystem  configuration.  A  com¬ 
plete  discussion  of  this  type  of  evaluation  scheme  may  be  found  in  Wohl  and  Swain 
(24)  and  in  Teeple  (21). 


+  Triads,  partial  pairing,  ar.d  other  grouping  techniques  might  be  employed  for 
convenience  in  the  data  collection. 
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Table  2-9 

Illustration  of  Criterion  Weighting 


Criterion  Unit 


Suitability  Suitability 

for  Man  for  Machine 


Speed 

Accuracy 

Reliability 

Adaptability  3 

Personal  Motivation  2 

Personnel  Hazard 

Time  for  System  to  Become  Operational  2 

Equipment  Weight  1 

Equipment  Space  1 

Training  Costs 
Manning  Level 

Logistics  Costs  2 

Equipment  Costs  2 


3 

2 

2 


2 


2 

2 


Another  type  of  task  assignment  evaluation  technique,  reported  by 
Kurke(10>,  is  of  particular  importance  here  because  of  its  direct  association 
with  the  Operational  Sequence  Diagram.  (See  previous  discussion  on  pg.  50, 
et.  seq. )  To  illustrate  the  use  of  OSD's  in  evaluating  man-machine  task  assign¬ 
ments,  Kurke  employed  a  hypothetical  system  example  shown  in  Fig.  2-15  A,  in 
which  Act  A  results  in  a  series  of  operations  to  elicit  Act  K.  Symbols  B  and  C 
represent  alternate  environmental  conditions  which  are  necessary  for  or  inhibit 
this  process,  respectively.  B  conditions  occur  90%  of  the  time.  Upon  receipt 
of  indications  D  and  E,  the  operator  decides  (GJ  upon  Action  H  rather  than  J. 

H  interacts  with  Condition  B  to  produce  Act  K.  Should  the  decision  G  to  activate 
H  be  made  under  environmental  Condition  C,  Error  L  will  result.  Using  the  no¬ 
tation  described  on  pages  57  and  58  of  this  Volume,  the  system  under  normal 
operating  conditions  may  be  described  as: 

(Aj  — >  Dj)  •  (Bf,  — >  Ej)  — ->  (Ga  — >  Ha  — >  K)  +  (Gfc  — >  Jjj  (1) 

Ba  '  — >  Kj  (2) 
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Analysis  of  the  diagram  shows  that  the  sources  of  "human  error"  are 
centered  about  the  decision  element  G.  The  operator  may  respond  incorrectly 
or  fail  to  respond  at  all  to  various  combinations  of  signals.  In  reference  to  de- 
cison  G,  the  errors  may  be  divided  into  input  and  output  error,  S  and  R,  and 
described  as: 


%  — »  {Do  •  Ei  — >  Gi)  +  (Do  •  Fi  — >  Gi)  +  (Di  •  Ei  — >  G0) 

+  (Di  •  Fi  Ga  Hb  L) 


(3) 


and 


Ri  — >  Gi  — »  (Hc  •  JQ)  +  (H0  •  Ji) 


(4) 


The  human  error  can  be  reduced  by  two  means.  One  method  is  by  in¬ 
troduction  of  a  "logic  switch"  to  replace  the  human  decision-making  function 
(Fig.  2-15  B).  This  will  provide  an  automated  system  where 

^  •  (Ei  •  F0)  — »  Mj  Hi  — »  K  (5) 


The  other  method  would  be  the  inclusion  of  additional  components  to  per¬ 
mit  the  system  to  operate  under  Condition  C  as  well  as  B.  The  inclusion  of  com¬ 
ponent  N  would  change  the  logic  of  the  system  to: 


(Ai  — >  Di)  *  (Bb  +  Ca)  [Ga  (Ha  K)  •  (Hb  — »  W)] 

+  (Gb  — ^  Ji) 


(6) 


•  Hb  Ni  ->  K 


(7) 


(Ba  -  Ha)  +  (Hb  Ni)  Ki  (8) 

as  shown  in  Fig.  2-15  C.  This  arrangement  would  eliminate  the  need  to  discrim¬ 
inate  between  E  and  F.  The  nature  of  the  input  error  source  then  becomes 


S'  — ■ >  [D0  •  (Bb  +  Ca) ]  +  (Di  •  R0  •  CG)  — ->  Gi 


(9) 


1 

while  R  remains  unchanged  from  Equation  (4),  above.  I 
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A.  ORIGINAL  SYSTEM  B.  AUTOMAT IZED  VERSION  C.  MANUAL  MODIFICATION 


Fig.  2~15.  System  comparisons 


The  solution  of  the  problem  requires  some  quantitative  information  such 
as  the  reliability  of  components.  For  illustrative  purposes,  let  us  assume  the 
reliability  of  the  original  system  which  equals  (abcdef)  =  0. 7S8,  where 


a  =  Reliability  of  Sequence  (A^  — >  D^)  =  0.  99 

b  =  Ratio  of  B:B  and  C  =0.90 

c  *  1  -  P(S)  =  0.95 

d  =  1  -  P{R)  =  0.  95 

e  =  Reliability  of  Sequence  (Ba  — K)  =  0.  99 

f  a  Reliability  of  Sequence  (G*  — >  K)  =  0.  99 


and  P(S)  and  P(R)  are  the  probability  of  human  error  at  S  and  R  respectively. 

The  first  alternative  of  automating  the  system  would  replace  human 
decision  G  with  a  logic  switch  M,  thereby  eliminating  S  and  R.  Assuming  that 
the  reliability  of  the  logic  switch  is  0.  99,  this  improvement  would  increase 
system  reliability  to  0.  864. 

The  second  alternative,  that  of  providing  an  additional  component  (with 
very  poor  reliability)  to  reduce  the  human  e  rror  potential  would  yield  a  reliability 
of  (abcdef)  +  (adhjkmn)  =  0.  858  +  0.  046  =  0.  904,  where 
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H  a 

1  -  P(S’) 

SJ 

0.99 

j  a 

C:B  and  C 

s 

0.  10 

k  a 

Reliability  of  Sequence  (Ga  — — ►  ti) 

SB! 

0.99 

m  ' 

Reliability  of  Sequence  (Cfc  — *  N> 

» 

0.  99 

n  » 

Reliability  of  Sequence  — >  Ni  — -j*  K) 

X 

0.  50 

Collecting  the  analysed  data  for  various  combinations  of  jetrec  of  automation 
and  component  reliabilities  as  on  Fig.  2-1  f>  should  yield  data  to  establish  the 
trade-off  point  when  determining  the  allocation  of  mon-machine  functions  in  de¬ 
veloping  a  system. 


Fig.  2-16.  System  reliability 


This  particular  analysis  of  system  reliability  leads  to  the  conclusion 
that  automating  the  existing  system  is  considerably  less  effective  than  devel¬ 
oping  a  new  manual  system  with  the  capability  of  operating  under  a  greater  variety 
of  environmental  conditions.  Some  little  additional  improvement  in  system  re¬ 
liability  can  be  obtained  by  automating  the  latter  Bystem.  The  data  in  Fig. 
2-16,  together  with  additional  economic  and  engineering  considerations,  should 
be  among  the  factors  which  determine  how  best  to  improve  the  system  (i.  e.  , 
whether  to  automate,  to  increase  the  scope  of  the  system,  to  improve  reKabilr*/ 
of  sequence  (C^  — *  N),  or  some  combination  of  these  approaches). 
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4  Man-Machine  Interface  Requirements 

Once  a  final  evaluation  and  selection  from  among  alternative  system  and/or 
subsystem  mechanizations  has  been  made,  the  next  step  in  the  system  design  pro¬ 
cess  is  to  prepare  subsystem  design  requirements  or  specifications.  Specifying 
the  man-machine  interface  requirements  at  this  stage  is  largely  a  matter  of  list¬ 
ing  the  specific  information  items  to  be  transferred  between  man  and  machine 
during  the  various  phases  of  system  operation.  If  an  operational  sequence  di¬ 
agram  has  been  prepared,  this  step  is  vastly  simplified. 

Two  general  areas  of  man-machine  inte  rface  requirement  may  be  distinguished: 

.  The  operating  interface. 

.  The  maintenance  interface. 

Information  transfer  requirements  for  the  two  areas  differ  mainly  in  terms  of  the 
task  differences.  Guidelines  for  selection  and/or  design  interface  elements  in 
both  areas  have  been  developed  and  are  presented  in  detail  in  Volume  2,  Section 
3,  "Design  of  Equipment  for  Operation,  "  and  Section  4,  "Design  of  Equipment 
for  Maintenance.  "  The  discussions  in  Volume  2  provide  information  c  once-ning 
the  medium  and  the  specific  method  of  information  transfer,  the  relative  utility 
of  various  kinds  of  display  and  control  components,  and  their  arrangement  on 
panels  and  consoles. 

The  intelligent  application  of  fc  ?man  factors  considerations  in  systems  engin¬ 
eering  requires,  in  effect,  a  broad  state-of-the-art  knowledge  of  human  capabilities 
and  limitations  with  respect  to  physical,  physiological,  psychological,  and  psycho- 
physiological  requirements  imposed  by  miosion,  system-  and  use-determined 
factors.  The  final  specification  of  a  man-machine  interface  must  reflect  these 
factors  as  well  as  the  man-machine  factors  themselves.  It  is  to  the  understand¬ 
ing  of  the  total  process  in  which  human  factors  is  imbedded  that  Volume  1  has 
been  dedicated. 
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